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ABSTRACT 
Several chemical and physical cleaning methods for removing sulfur 
and ash-forming mineral matter from various kinds of bituminous coal 
were investigated. These methods involved grinding coal to a fine size 
to expose or liberate the mineral matter and either physical separation 
or chemical leaching of the resulting particles. By combining these 
methods, a multistep process was developed and demonstrated in small-
scale laboratory experiments for the production of super clean coal with 
both a low-ash content and a low-sulfur content. In this process, the 
coal is first leached with a dilute sodium carbonate solution under 
oxygen pressure at 150°C to oxidize pyritic sulfur and some of the organic 
sulfur to produce water-soluble sulfur species. Next, the temperature of 
the alkaline suspension is raised above 250°C but under non-oxidizing 
conditions to convert clays and other minerals to acid-soluble materials. 
The solids are subsequently separated by filtration and then extracted 
with a dilute mineral acid. As a result of chis treatment, most of the 
mineral matter is removed from the coal and the sulfur content greatly 
reduced. In some cases, coal with a large ash content was precleaned by 
physical methods to remove part of the ash-forming mineral matter and 
thereby reduce the burden on chemical leaching. 
To better understand the behavior of mineral matter in this process, 
individual minerals including various clays, quartz, carbonates, and 
pyrite were reacted with hot alkaline solutions and the solid reaction 
products characterized by X-ray diffraction analysis. The solubility of 
the reaction products in dilute mineral acids was also investigated in 
vii 
detail. Kinetic data for the reactions of quartz and pyrite with 
alkaline solutions were collected and analyzed. A shrinking unreacted 
core model was used to analyze the pyrite data and determine the rate-
controlling step. Scanning electron microscopy with energy dispersive 
X-ray analysis was used together with reflected light microscopy to 
characterize the microstructure and phase transformation of the 
desulfurized pyrite. 
The basic preoxidation, alkaline leaching, and acid washing steps 
of the chemical leaching process were demonstrated with several types 
of coal to establish optimum treatment conditions. Various process 
variables including leaching temperature and time, alkali type and 
concentration, particle size, acid type and concentration, washing 
temperature and technique, and pulp density were investigated. Reduc­
tions in ash and sulfur contents and coal recovery were determined for 
different treatment conditions. The phase transformations of ash-forming 
mineral matter in coal during the leaching treatments were monitored and 
identified by X-ray diffraction analysis. The results with coal were 
compared to those obtained when individual minerals were leached. 
The kinetics of organic sulfur removal from coal by oxidation in an 
alkaline solution and the associated problem of chemical analysis for 
organic sulfur in chemically treated coal were also investigated. 
Moreover, since alkaline leaching methods tend to convert iron pyrites 
into more magnetic substances such as hematite or magnetite, the 
separation of partially converted pyrite from chemically leached coal 
by magnetic means was studied with different types of laboratory-scale 
magnetic separators. 
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INTRODUCTION 
Extensive research is being conducted throughout the world to 
develop energy resources for augmenting a dwindling supply of petroleum 
and natural gas. One of the most abundant alternate energy resources in 
the United States is coal (67). An increasing use of coal is vital to 
satisfy the nation's energy needs as well as to improve the country's 
economic stability and energy self-sufficiency. However, despite vast 
coal reserves, coal contains substantial amounts of sulfur, nitrogen, 
and ash-forming minerals including small quantities of toxic impurities 
such as mercury, beryllium, and arsenic (20). During combustion these 
materials enter the environment as sulfur oxides, nitrogen oxides, 
particulates, and compounds of toxic metals, and thus they constitute a 
health hazard through pollution of the atmospheric and food-chain. 
Besides causing environmental pollution, the ash-forming minerals also 
cause problems of boiler fouling, corrosion, slagging, equipment wear, 
and waste disposal (20, 51, 98). As the economy of the United States 
becomes increasingly dependent on coal, these problems must be minimized 
by cleaning the coal before combustion or by controlling the products 
of combustion. 
Coal is a heterogeneous rock of varying composition. It consists 
of both organic constituents (macérais) and inorganic components 
(minerals). The inorganic portion of coal can exist as one or more 
separate phases or as inorganic elements chelated or ionically bonded to 
the organic structure (121). A variety of minerals have been reported 
present in coal although many occur infrequently and are not regularly 
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found in all coals or may be present only in trace amounts. The large 
majority of minerals in coal can be classified into four groups; clays, 
sulfides, carbonates, and silica (52, 91, 152). Kaolinite, illite, 
montmorillonite, and mixed-layer clay are the dominant clay minerals 
which commonly make up as much as 60% of the total mineral content of 
coal. The major carbonates present in coal are calcite, siderite, 
ankerite, and dolomite, whereas pyrite and marcasite are the predominant 
sulfides. Sulfide minerals often constitute as much as 25% of the coal 
mineral matter while sulfates are relatively rare but increase with 
weathering (168). Silica or quartz usually accounts for up to 20% of 
all mineral matter. The amount and types of minerals found in coal vary 
widely and depend on the coal's history (65). Non-combustible mineral 
matter in coal forms a residue, called ash, when the fuel is burned. The 
ash content of coal may vary from as little as 3% in high quality 
bituminous coals to more than 10% in most commercially mined varieties. 
An ash content of more than 30% is found in certain coals (119, 171). 
Sulfur in coal is commonly classified as either organic or inorganic 
sulfur. The organic sulfur is chemically bonded to the hydrocarbon matrix 
while the inorganic sulfur, which occurs in discrete mineral phases, is 
embedded in the coal (122). The organic sulfur has not been characterized 
adequately but is likely to be present as alkyl or aryl thiols, sulfides, 
disulfides, and heterocyclic compounds of the thiophene type (60, 189). 
On the other hand, the inorganic sulfur occurs mostly as pyrites present 
in the form of single crystals, agglomerations of crystals called fram-
boids, and other more massive forms (70). A small amount of sulfur occurs 
as sulfate, in the form of iron, calcium, or barium sulfate (64). The 
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total sulfur content of coal varies from less than 0.5 to over 10%, but 
most commonly in the range of 1.0 to 4.0% (9). The pyritic sulfur 
content covers a very wide range, while the organic sulfur content is 
usually below 2%. Sulfate sulfur is generally less than 0.1% in freshly 
mined coal unless the coal is highly weathered or oxidized. 
Very little is known about the functional groups containing nitrogen 
in coal, except that nitrogen is likely linked to the coal structure and 
seems to occur in heterocyclic rings of pyridine or pyrole derivatives 
(5, 199). Nitrogen functionality in coal is believed to be represen­
tative of the nitrogen functionality of the original plant matter. This 
explains the rather constant nitrogen content of all coals (about 1 to 
2%). 
A major concern for preserving the quality of the environment led 
Congress to pass the Air Quality Act of 1963 which initiated a concerted 
effort by federal, state, and local governments to improve air quality. 
This act placed special emphasis on the problem of sulfur oxide emissions 
from the combustion of coal and oil in stationary plants (98). The U. S. 
Environmental Protection Agency (EPA) under the Clean Air Act of 1970 and 
the Clean Air Act Amendments of 1977 is charged with the promulgation of 
air pollution control standards and the implementation of state and 
federal plans for reducing sulfur dioxide emissions. Sulfur dioxide 
emission standards for coal-fired steam generators vary according to the 
size, age, and location of a particular facility (51). However, current 
regulations virtually eliminate direct use of most Eastern and Midwestern 
coals which have a high sulfur content in plants which are not equipped 
with emission control systems (121). In order to meet current EPA 
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standards and beneficially utilize the enormous reserves of high sulfur 
coal, either stack gas scrubbing or coal cleaning must be used to control 
sulfur dioxide emissions (98). Stack gas scrubbing is both expensive 
and energy intensive. Physical coal cleaning, although relatively in­
expensive and simple in operation, is less effective. Physical methods 
for cleaning coal can remove the soluble sulfates and most of the coarse 
pyrite, but the microcrystalline pyrite and the organic sulfur remain 
largely untouched (195, 198). An alternative approach under development 
is to remove all of the pyrite and at least a portion of the organic 
sulfur by chemical cleaning (51, 87, 135, 188, 195, 197). A recent report 
(22) showed that coal cleaning combined with stack gas scrubbing may be 
cheaper than stack gas scrubbing alone. Moreover, coal cleaning not only 
reduces plant capital and operating costs but improves plant operability 
and reliability (162). 
Several major chemical cleaning methods are being developed for the 
precombustion removal of sulfur from coal (98). One of the most promising 
methods is the Ames oxydesulfurization process which is based on leaching 
finely ground coal (-74 pm.) with a dilute alkaline solution (0.2 M 
Na^COg) at 150°C using an oxygen over pressure of 13,6 atm. (194). The 
dissolved oxygen reacts with the pyrite and the organic sulfur and, un­
desirably, with the organic coal matrix. In laboratory demonstrations, 
over 90% of the pyritic sulfur was removed from certain coals within an 
hour, while the recovery of coal was about 90% (38-40). The apparent 
removal of organic sulfur was highly variable ranging from 0 to 50% for 
different coals. Previous studies (38, 39) indicated that under Ames 
oxydesulfurization conditions pyrite is desulfurized by extraction of 
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soluble sulfur species, leaving a residue of hematite, and the rate of 
desulfurization is controlled by the diffusion of dissolved oxygen 
through the shell of hematite which forms around a shrinking core of 
unreacted pyrite. More recent results Indicated that thiosulfate, 
sulfite, and sulfate were the principal soluble sulfur species of the 
pyrite reaction (175, 176). The distribution of soluble sulfur species 
in the leachate was found to depend on leaching temperature, oxygen 
partial pressure, leachant composition, and time of contact. 
The mechanism for extracting organic sulfur has not been completely 
established because of the lack of information about the nature of organic 
sulfur functional groups in coal. However, recent work with model 
compounds has shed some light on possible reactions of organosulfur 
compounds under conditions of the Ames oxydesulfurization process (36, 
169). Oxidative desulfurization of organic sulfur compounds may be 
achieved in two steps: oxidation of the organic sulfur to sulfoxide 
or sulfone groups and alkali leaching to remove the sulfur from these 
groups (8). Under Ames oxydesulfurization conditions (0.2 M Na^CO^ 
solution, 150°C, 13.6 atm. 0^, 1 hr.), only thiols, disulfides, and 
benzylic sulfides are oxidized; sulfides, thiophenes, and condensed 
thiophenes remain intact (36, 169). 
The work described in this report encompassed several objectives. 
One objective was to determine the effectiveness of the Ames oxydesulfuri­
zation process for removing organic sulfur from coal. To achieve this 
objective, consideration had to be given to the problem of chemical 
analysis for organic sulfur in chemically treated coal. Proper evaluation 
of the Ames oxydesulfurization process had been hampered by the lack of a 
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suitable direct method for determining organic sulfur in chemically 
treated coal (35, 63). The commonly used ASTM procedure (4) for organic 
sulfur is an indirect method, which is based on the difference between 
the total sulfur content and the inorganic sulfur content. Because 
chemical treatment may alter the mineral matter, resulting in sulfur-
and iron-bearing minerals with different solubilities in acids, the 
routine ASTM procedure may not be applicable for characterizing chemically 
processed coal. To assess the removal of organic sulfur by oxydesulfuri-
zation, three bituminous coals were subjected to chemical leaching 
followed by the ASTM analysis procedure. In addition, the fate of iron 
and sulfur was assessed by a series of extractions. Both the solid resi­
dues and the liquid extracts were analyzed by conventional chemical 
methods. Finally, an instrumental method based on electron microprobe 
X-ray analysis was used for direct determination of organic sulfur in 
the organic coal matrix (69, 179). The results of these different 
techniques were used in evaluating the removal of organic sulfur. 
Another objective of the present work was to increase the effective­
ness of the Ames oxydesulfurization process for removing organic sulfur 
by modifying process conditions. One modification involved adding a 
second leaching step conducted at 240°C or higher temperature under a 
nitrogen atmosphere to decompose oxidized organic sulfur compounds. The 
effectiveness of the second leaching step was assessed under various 
experimental conditions including different solution pH. The leaching 
step was conducted with alkaline, neutral, and acidic solutions, 
respectively. 
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The kinetics of organic sulfur removal by the Ames oxydesulfurization 
process were studied by reanalyzing the experimental data collected by 
Chuang (38). The dependency of the rate of removal on particle concentra­
tion, oxygen partial pressure and temperature was determined. 
The possible advantages of combining various physical cleaning 
methods such as oil agglomeration, float/sink separation, or the Dow 
process with the Ames oxydesulfurization process were also investigated. 
Recently, attention has focused on converting oil-fired boilers to coal 
because of the rising cost of petroleum. However, the conversion of these 
boilers to coal requires coal with a very low ash content (about 1% or 
less). The Ames oxydesulfurization process, which is designed mainly for 
sulfur removal rather than ash removal, generally increases the ash content 
of the treated coal because of the addition of sodium. Therefore, the final 
ash content of the desulfurized coal is too high for oil-fired boilers. 
Fortunately, there are other alkaline leaching methods which are known to 
reduce the ash content. In a recent study, Chi (37) demonstrated a two-step 
process which involves leaching fine-size coal with an alkaline solution 
(1.0 M Na^COg) at 250°C or higher temperature for 1 hr. under a non-
oxidizing atmosphere followed by washing with dilute mineral acid. He 
indicated that most of the ash-forming minerals (70 to 90%) were removed 
from selected coals with a coal recovery of 90% by the combined alkaline 
leaching/acid washing (AAL) process. This is a potentially useful 
process for extracting most of the mineral matter from coal without 
incurring a large coal loss. Since the removal of mineral matter from 
coal has not received as much attention as the removal of sulfur, 
the detailed chemistry of the reactions of coal minerals with hot 
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alkaline solutions is not well-established. In order to better understand 
the behavior of mineral matter during alkaline leaching of coal, a further 
objective of the present work was to characterize the reactions of various 
coal minerals with hot alkaline solutions. 
First, individual minerals such as kaolinite, illite, montmorillonite, 
quartz, calcite, dolomite, ferrous sulfate, ferric sulfate, gypsum, 
titanium dioxide, and iron pyrite were leached separately with alkaline 
solutions containing different alkalis and concentrations for various times 
and temperatures ranging from 150 to 350°C in a small autoclave. If a 
solid reaction product was produced, it was identified and characterized 
by X-ray diffraction analysis. The solubility of the reaction product 
in dilute mineral acid was also investigated. Kinetic data for the 
reactions of quartz and pyrite with alkaline solutions were collected 
and analyzed. A shrinking unreacted core model was used to analyze the 
pyrite data and determine the rate-controlling step. Scanning electron 
microscopy with energy dispersive X-ray analysis was used together with 
reflected light microscopy to characterize the microstructure and phase 
distribution of the desulfurized pyrite. 
Second, the alkaline leaching and acid washing steps of the AAL 
process were applied to several types of coal to see whether the removal 
of mineral matter was consistent with the results achieved in leaching 
individual minerals. Overall reductions in ash and sulfur contents and 
the recovery of coal were determined for various treatment conditions. 
The reaction products were identified, characterized, and then compared 
with the results obtained in leaching individual minerals. A Siemens 
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D500 diffTactometer was used to monitor the phase transformation of coal 
minerals during the chemical leaching process. 
The AAL process was shown to be less effective for removing iron 
pyrites than other ash-forming minerals. In order to produce super 
clean coal with both a low ash content and a low sulfur content, the 
removal of pyrite from coal needed to be improved. Two possible methods 
of removing pyrite were considered for use in conjunction with the AAL 
process. The first method involved treating coal by the Ames oxyde-
sulfurization process before applying the AAL process. The second 
method involving applying magnetic separation to coal which had been 
leached with an alkaline solution. 
The first method was a unique multistep leaching process which 
combined preoxidation, alkaline leaching, and acid washing, and it was 
demonstrated extensively with several kinds of coal. Experiments were 
conducted to determine the total reductions in ash content and sulfur 
content and the recovery of coal. In some cases, chemical leaching was 
coupled with physical cleaning to prepare low-ash and low-sulfur coal. 
An important goal of this work was to establish an effective combination 
of physical and chemical steps which would produce super clean coal. 
It is noteworthy that some of the pyrite in coal is converted to 
magnetite which is ferromagnetic under the high-temperature alkaline 
leaching treatment of the AAL process. Since the magnetic susceptibility 
of magnetite is several hundred times greater than that of pyrite, it is 
possible to remove partly reacted pyrite from alkali-treated coal by 
interposing a magnetic separation step between the alkaline leaching step 
and the acid treatment step. Therefore, a second method of removing 
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pyrite in conjunction with the AAL process is to add a magnetic 
separation step. The effectiveness of the combined alkaline leaching, 
magnetic separation, and acid washing treatment was investigated in 
detail in the final part of this study. Lower Kittanning coal with a 
high pyritic sulfur content was first treated at temperatures ranging 
from 200 to 300°C in the alkaline leaching step under an inert atmosphere 
to determine the optimum conditions for converting pyrite to magnetite. 
The formation of magnetite and other reaction products was determined by 
X-ray diffraction analysis. The wet magnetic separation step was carried 
out by using either a simple low-intensity magnetic separator or a more 
complicated high-intensity electromagnetic separator. Overall reductions 
in ash and sulfur contents and coal recovery were determined for the 
multistep treatment while using different leaching conditions. The 
effects of coal particle size and reaction time on magnetic desulfurization 
and recovery of organic matter were determined. In order to determine 
the general applicability of the multistep process to prepare low-ash 
and low-sulfur coal, several kinds of coal were treated under what 
appeared to be optimum conditions. 
To further study the possible separation of partially converted pyrite 
from chemically leached coal by magnetic means, the combination of the 
Ames oxydesulfurization process and magnetic separation was also investi­
gated. Since the reaction product of pyrite treated under oxidizing 
conditions was hematite with a much lower magnetic susceptibility than 
that of magnetite, a high-intensity Frantz magnetic separator was utilized 
in a dry mode for the separation. 
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Both coal-derived pyrite and coal with a relatively high proportion 
of pyritic sulfur were treated by various oxidizing conditions to 
determine optimum conditions for subsequent magnetic removal of partially 
reacted pyrite. The proportion of sulfur removed chemically and the 
proportion removed magnetically were determined. In addition, the 
magnetic susceptibility of the untreated pyrite and coal was measured 
as well as the magnetic susceptibility of the treated materials. 
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LITERATURE REVIEW 
The increased use of coal with minimum environmental pollution requires 
a clear understanding of the nature of coal impurities and the principles 
of coal cleaning. The impurities occurring in coal may be classified 
broadly into those that form ash and those that contribute sulfur. Other 
minor impurities which occur in coal (for example, nitrogen and trace 
elements) are not discussed in this report. Coal cleaning involves physical 
or chemical processing which is carried out before the coal is burned. The 
primary purpose of coal cleaning prior to combustion is to remove sulfur 
and ash-forming minerals. Before considering both physical and chemical 
cleaning methods currently being developed, this report will describe the 
properties of coal impurities and the reactions of these impurities with 
various chemical reagents which could lead to sulfur and ash removal. 
Mineral Matter in Coal 
Coals are complex mixtures of organic and inorganic species. The 
inorganic constituents are primarily composed of inorganic compounds and to 
a lesser extent organo-metallic compounds and exchangeable cations (64). 
The origin, distribution, character, amount, and reactivity of the mineral 
matter in coal greatly influence the efficiency of coal cleaning processes 
and thus will be examined first. 
Sources of coal minerals 
There are several sources of mineral matter found in coal (20, 65, 
171). Some inorganic material was derived from the original swamp plants. 
Other inorganic material was introduced into the decaying vegetation from 
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outside sources (detrital matter or sludge) by various transport mechanisms 
such as erosion, wind, water, and by various ion-exchange processes during 
the early stages of coal formation. Sometimes, inorganic material was 
deposited in a coal seam at a latter stage of the coalification process by 
percolation through cracks, fissures, or cavities. Also, in some cases 
specific minerals were formed by chemical decomposition, precipitation, or 
reaction between the inorganic constituents of an aqueous solution and 
either the inorganic or organic materials already present in the peat or 
the coal. 
Based on their original occurrence, Renton (152) classified coal 
minerals into three categories: vegetal, detrital, and chemical. On the 
other hand, Mackowsky (113) used the term syngenetic for minerals that 
were introduced during coal formation and the term epigenetic for those 
introduced after formation. The mineral matter may be found imbedded in 
the organic matrix as microcrystals, as larger crystals between the grains, 
or in the cracks of the organic matrix. The larger mineral particles are 
easily freed by grinding the coal whereas the microcrystals require grinding 
the coal to an extremely fine particle size. Mackowsky (113) indicated that 
epigenetic minerals can be removed more readily from the coal because they 
are not as intimately mixed with the organic constituents as syngenetic 
minerals. 
Constituents of coal mineral matter 
Mineral matter, depending on the geological environment, varies widely 
in coal seams with respect to kind, abundance, and distribution. Several 
dozen minerals have been reported in coal, although most of these occur 
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only sporadically or in trace amounts. The majority of the minerals in 
coal belong to one of four groups: clays, carbonates, sulfides, and 
silica (52, 61, 91, 137, 152, 168). 
Clays Clay minerals are the most commonly occurring inorganic 
constituents of coal and generally account for 50 to 80% of the total 
mineral content. The clay particles are submicron in size and may be 
highly dispersed or may be compressed into bands of carborniferous shale 
which are interspersed between layers of coal (64). Clay minerals are 
aluminosilicates which can contain a wide range of other cations such as 
Ca^, Na^, Fe^, Mg^, and K^. The most abundant clay minerals in coal 
are kaolinite and illite with mixed-layer clays and montmorillonite in 
lesser concentrations. Other aluminosilicates such as hydromuscovite, 
biotite, chlorite, and feldspar also occur occasionally. The relative 
abundance of kaolinite and illite depends on the depositional environment, 
with kaolinite being favored in a fresh water environment and illite in a 
marine environment. Mixed-layer clays appear to be more abundant in lower 
rank coals, the most abundant being mixed layer illite-montmorillonite 
clays. An excellent review of the nature and occurrences of clay minerals 
in coal was presented by Renton in 1982 (152). 
In the structure of clay minerals, each plate-like clay particle 
consists of a stack of parallel layers (28, 73, 123). These layers are 
combinations of tetrahedrally-arranged silica sheets and octahedrally-
arranged alumina or magnesia sheets. The sheets are continuous in the 
crystallographic a and b directions but stack on top of one another in the 
crystallographic c direction. The nature of the stacking in the c direction 
is periodic and characteristic for a particular clay mineral. Kaolinite is 
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composed of one tetrahedral sheet and one octahedral sheet and is a typical 
1:1 layer clay mineral. On the other hand, both illite and montmorillonite 
are composed of two tetrahedral sheets with an octahedral sheet in between 
and are classed as 2:1 layer clay minerals. The bonding between these 
sheets is of the primary valence type and is very strong; however, the 
bonding holding the unit cell layer together may be due to van der Walls 
bonds which are relatively weak. Schematic diagrams are present in Figure 
1 representing the structure of several clay minerals. 
Kaolinite is a hydrous layer lattice silicate but there are no water 
molecules present in the structure. The water in kaolinite exists as 
hydroxyl groups. The structural formula of kaolinite is (OH)gSi^Al^O^Q, 
and the distance between two layers of silica tetrahedra is 7.2 S,. On the 
other hand, the outstanding feature of the montmorillonite structure is 
that water and other polar molecules, such as certain organic molecules, 
can enter between the unit layers, causing the lattice to expand in the c 
direction. Furthermore, exchangeable cations occur between the silicate 
layers. The theoretical formula for montmorillonite without considering 
lattice substitution but including interlayer water is (OH)^SigAl^O^g"nH^O, 
and the unit layer thickness including the water layer is about 15 A. A 
unit of illite is the same as that of montmorillonite except that some of 
the silicon atoms are always replaced by aluminum atoms and the resultant 
charge deficiency is balanced by potassium ions. The illite structural 
unit layers are relatively fixed in position so that polar ions cannot 
enter readily between them and cause expansion. Also, the interlayer 
balancing cations are not easily exchangeable. Illite is generally classi­
fied as a poorly crystallized clay-grade mica. Illite differs from the 
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Figure 1. Layer structure of clays and mica (cited from (188)) 
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macrocrystalline micas by having a lower potassium content and a higher 
hydroxyl content. In addition, complex substitutions are known to occur 
in illite. The structural formula of a well-crystallized mica (muscovite) 
is (OH)(Si^'Alg)Al^Og^, and the unit layer thickness is about 10 A. A 
detailed discussion of the structures and characteristics of clay minerals 
can be found in the textbook by Grim (73). Clays in coal sometimes consist 
of particles in which layers of different types of clay minerals are 
stacked together. These clays are called mixed-layer clays. 
Carbonates Carbonates form readily in non-acid areas. Calcite 
(CaCOg) and siderite (FeCO^) are common constituents of coal mineral 
matter while the more complex carbonates dolomite (CaCO^-MgCO^) and ankerite 
(2CaC0g"MgCOg«FeCO^) also occur frequently. However, in many cases, the 
composition of the carbonates is somewhat complex because these compounds 
may form solid solutions. Generally, the carbonate minerals may be found 
in the cracks and crevices within the coal or may be present in the form 
of concretions. Carbonate minerals may range in size from hundreds of 
microns (even centimeters in cleats) down to submicron size in the carbona­
ceous matter. 
Sulfides Pyrite is the dominant sulfide mineral in coal. Other 
minor sulfate minerals that have been found in coals are sphalerite (ZnS), 
galena (PbS), and marcasite (FeSg). Pyrite and marcasite are dimorphous 
minerals that are identical in chemical composition but differ in crystal­
line structure. Pyrite has a cubic structure with a specific density of 
5.0, and marcasite is orthorhombic with a specific density of 4.87 (60). 
The chemical reactivity of the two forms is similar, thus they are seldom 
considered separately. However, the geological origin of the pyrite and 
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the marcasite may be different. The crystalline structure of pyrite can 
be considered as a NaCl-like grouping of iron atoms and pairs. It 
has four molecules in a cell, with a lattice constant equal to 5.41 A. 
Pyrite in coal may be present in a wide variety of forms ranging in size 
from a few micrometers to massive nodules (71). In other words, the pyrite 
content of coal is found in both macroscopic and microscopie dispersions. 
The latter are particularly troublesome to remove since they may be finely 
disseminated throughout the coal. Based on the work of Greer (70), the 
pyrite content of coal can be classified into three forms: (i) single 
crystals (micron diameter or colloidal size), (ii) framboids (various size 
berry-like agglomerations of single crystals), and (iii) larger pyrite 
masses. Of all the minerals in coal, pyrite is probably the most 
deleterious in the coal industry. It is the source of acid-mine drainage, 
and the major source of sulfur dioxide pollution in the combustion process. 
Silica Silica, as quartz (SiOg), usually accounts for up to 20% 
of the mineral matter in coal. Quartz is a widely distributed mineral 
species and is found in many varieties with very diverse modes of occur­
rence. The quartz grains in coal range from rounded to subrounded micron-
sized grains down to crystallites which are too small to be seen with an 
optical microscope. In the study of fine-size minerals in coal, Hsieh and 
Wert (82) indicated that most quartz particles appear to be nearly round 
with the most probable size distribution near 5 ym. Most of the particles 
are single crystals, although some are polycrystals. Quartz is usually 
found associated with clays and other minerals, and complex defect struc­
tures often appear within the grains (152). 
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Other minor and trace minerals In addition to those minerals 
already discussed, sulfate minerals such as gypsum (CaSO^'ZHgO) and barite 
(BaSO^) have been identified as cleat-filling minerals or as nodules in 
unweathered coals. However, their occurrences are rare, and sulfate 
minerals seldom contribute a significant portion of the mineral matter in 
fresh unoxidized coal. Since pyrite and marcasite oxidize rapidly when 
exposed to moist air, a number of different phases of ferrous and ferric 
sulfates may form. The following iron sulfate minerals have been iden­
tified as oxidation products of iron disulfides in Illinois No. 6 coals 
(64): szomolnokite (FeSO^'H^O), rozenite (FeSO^'AH^O), melanterite 
(FeSO^'THgO), coquimbite (Fe2(SO^)^"9HgO), and jarosite ((Na,K)Fe^(SO^)g 
(OH)g). Several of these iron sulfate minerals are soluble and responsible 
for the problems of acid-mine drainage. 
All three forms of titanium dioxide (TiOg) including rutile, anatase, 
and brookite have been observed in coal by employing transmission electron 
microscopy (82). Some of the particles are blocky and others are fine 
needles. Other minor minerals such as hematite (FegOg), magnetite (Fe^O^), 
phosphates, and chlorides are relatively rare in coals. Besides the major 
and minor minerals already mentioned, coals also contain trace minerals. 
The inorganic constituents present in parts per million concentrations are 
usually termed trace elements. The trace element content of coal is 
complicated, and many coals can have more than 60 trace elements in varying 
amounts (65). 
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Determination of coal mineral content 
Most of the mineral matter in coal is finely grained. The average 
diameter of most of the discrete mineral grains observed in coal is about 
20 ym. (152). With the exceptions of massive occurrences of pyrite or 
marcasite within the coal or of cleat mineralization, few individual 
mineral grains exceed 100 ym. in their maximum dimension. Three basic 
analytical techniques are used to evaluate the total mount of mineral 
matter contained in coal; (i) high-temperature ashing as part of the coal 
proximate analysis, (ii) low-temperature ashing by oxygen plasma oxidation, 
and (iii) optical point-counting of individual mineral particles. 
Ash is the residue derived from mineral matter after the coal has been 
burned. The behavior of coal minerals at high temperatures has been dis­
cussed extensively in the literature (61, 136). In general, the constit­
uents of coal ash can be classified as either acidic or basic. The acidic 
consticuents are silica, alumina, and titanium oxides, whereas the basic 
constituents are iron, calcium, magnesium, and alkaline metal oxides. 
According to an ASTM procedure (4), the ash content is normally determined 
by burning a 1 to 2 g. sample of coal in an adequately ventilated muffle 
furnace at a temperature of 725 ± 25°C. Because of the chemical changes 
which take place during the ashing process, the percent ash is usually less 
than the corresponding percent mineral matter originally present in coal. 
Several empirical formulas based on the ash content determined by standard 
methods have been used to calculate the mineral content of coal. One of 
the best known formulas is the Parr formula given below. 
Mineral matter = 1.08(% ash + 0.55(% sulfur)) (1) 
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Direct measurement of the mineral matter content of coal became 
possible in 1965 with the development of the low-temperature ashing (LTA) 
process which involves oxidation of the organic matter with very little 
alteration of the mineral matter (66). Since then the method has been 
widely used for the quantitative analysis of minerals associated with coal. 
In this method, low pressure oxygen (1-3 torr) is activated by a radio-
frequency discharge. The excited oxygen-containing atoms and free radicals 
oxidize the carbonaceous material at temperatures below 150°C. At such 
low temperature no loss of volatile inorganic constituents and little 
chemical alteration of the mineral matter occur. The inorganic residues 
can then be measured and identified by instrumental techniques. An exten­
sive study of the applicability of LTA as a method of determining mineral 
matter in coal has been conducted by several researchers (66, 136). 
The optical determination of mineral matter is conducted by a standard 
point-count procedure using mounted pellets of coal. By assuming a density 
3 3 
of 5.02 g./cm. for pyrite, 2.65 g./cm. for non-pyrite minerals, and 1.25 
3 
g./cm. for ash-free coal, the volume percent composition determined by 
the optical technique can be converted to weight percent composition (152). 
However, this method is very tedious and is limited by the optical resolu­
tion of the microscope. Even under the best circumstances, only minerals 
which are larger than 1 ym. diameter can be observed. But optical methods 
are very useful for describing types of occurrences of minerals in coals. 
Information can be gathered on various associations of mineral types with 
each other and with maceral types. 
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Methods for analyzing minerals in coal 
A number of methods have been used to characterize the mineralogical 
components of coal. As discussed in several recent articles (84, 85, 104, 
138, 142, 155), the most common techniques are X-ray diffraction, infrared 
spectroscopy, Fourier transform infrared spectroscopy, optical microscopy, 
scanning electron microscopy, and transmission electron microscopy. These 
methods complement one another. X-ray diffraction and infrared spectroscopy 
can be considered bulk methods because they are generally best performed 
on the mineral-matter concentrate obtained by removal of the coal macérais 
by low temperature ashing. The microscopy methods can be considered 
particulate methods because mineral grains in the coal are sized and 
classified individually. The microscopy methods are usually used without 
separation of minerals and macérais because the coal macérais can serve as 
a background matrix to separate mineral particles and to provide contrast 
for the dimensional measurement of the particles. 
A modern scanning electron microscope (SEM) is usually equipped with 
a solid state energy dispersive X-ray spectrometer (EDS) or a wavelength 
dispersive X-ray system (WDS) to permit chemical analysis. With the recent 
development of automated image analysis (AIA) in conjunction with SEM and 
EDS, the mineral phases in coal can be characterized ^  situ for chemical 
composition, distribution between phases, particle size, and particle shape. 
Because a microcomputer is applied to direct both SEM and EDS, the analyses 
are performed automatically. However, the most common procedure for 
identifying minerals in coal is to apply low temperature ashing and then to 
analyze the inorganic residue by means of X-ray diffraction. Added informa­
tion about the mineral residue may be obtained by utilizing scanning 
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electron microscopy and energy dispersive X-ray analysis. This procedure 
helps identify the minor minerals as well as locate trace elements (155). 
The basic principle underlying the identification of materials by 
X-ray diffraction is that each crystalline substance has its own character­
istic atomic structure which diffracts X-rays in a characteristic pattern. 
The recognition of the pattern establishes accurately the diffracting 
substance. In other words, all prominent atomic planes in a crystal will 
produce a reflection when properly positioned with respect to an X-ray 
beam (with wavelength X), i.e., the Bragg's condition (nA. = 2d sin0) is 
met. Since no two minerals have the same spacings of interatomic planes 
in three dimensions, each mineral will produce a characteristic set of 
reflections at values of diffraction angle (6) corresponding to the spacing 
(d) of the prominent planes. The intensities of the different reflections 
vary according to the density of atomic packing and other factors. The 
observed pattern including peak positions and relative intensities may be 
compared directly with standard patterns of known compounds to identify the 
minerals present. A detailed treatment of the principles of chemical 
analysis by X-ray diffraction can be found in the textbook by Cullity (44). 
Reactions between mineral matter and aqueous alkali 
Only the reactions of clay minerals and quartz in hot alkaline solu­
tions are discussed in this section. The chemistry of the reaction between 
pyrite and aqueous alkali will be reviewed in a later section. 
Clays The solubility of the clay minerals was studied in great 
detail by Nutting (132). In general, above certain minimum concentrations, 
acids will remove alkali metals, alkaline earths, iron, and aluminum from 
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the clay minerals, and alkali will dissolve the silica. The literature 
contains a large amount of information on acid solubility of clays but 
relatively little data on solubility of clays in alkali (32). Although 
the information on the reaction of clay minerals with aqueous alkali is 
limited, the chemistry of desilication of sodium aluminate solutions in 
the Bayer process has been investigated by many researchers (26, 56, 158, 
192) and may be very helpful to our study. The Bayer process is applied 
extensively for extracting alumina from bauxite ores which contain 
gibbsite (AlgOg'SHgO), boehmite and diaspore (AlgOg'HgO), and other 
impurities such as quartz, kaolinite, and hematite. Therefore, the reac­
tion which take place in purification of alumina from bauxite ores will be 
reviewed below. 
It was previously reported that the desilication product present in 
red mud produced by treating bauxite ores with caustic soda solutions (con­
taining sodium sulfate, sodium chloride, and sodium carbonate) contains 
various sodium hydroaluminosilicate (SHAS) compounds with different chemical 
compositions and crystalline structures (56, 158, 192). These SHAS com­
pounds have approximately the mole composition: Na20*Al202*2Si02*mNa2X* 
l-^HgO, where X = CO^ , SO^ , 2 OH , 2Cl , etc. In this formula, the 
value of m was altered by varying the alkaline leaching conditions. 
Novolodskaya and Avdeeva (131) indicated that the anion (X) content of the 
compound increases from 0.1 to 0.38 mole per mole of aluminum oxide when 
there is an increase in leaching temperature, duration, and alkali con­
centration. A number of physical and chemical properties of these SHAS 
compounds are determined to a considerable degree by the form of the 
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accessory ions (X) and the types of crystalline structure. According to 
the literature (14, 130, 131, 146), three major types of SHAS compounds 
including zeolite (containing analcime), sodalite, and cancrinite have 
been observed in red mud. 
According to the type of Si-0 linkage and network, the various silicate 
minerals generally can be classified into six divisions (21). The clay 
minerals having a hexagonal planar network (two-dimensional) formed by the 
infinite sheets of tetrahedra belong to the division of phyllosilicates 
(sheet silicates). However, the SHAS compounds found in red mud have a 
rigid and continuous three-dimensional framework of linked (Si,Al)0^ tetra­
hedra and are typical examples of tektosilicates (framework silicates). 
The silicate minerals in the division of tektosilicates can be further 
divided into several groups on the basis of their chemical composition and 
crystalline structure. Both sodalite and cancrinite belong to the feldspa-
thoid group whereas analcime belongs to the zeolite group. Analcime is in 
all respects a valid member of the zeolite group, but in structure, 
chemistry, and paragenesis it closely resembles the feldspathoids. A 
detailed discussion of the structure and classification of the silicate 
minerals can be found in the book by Berry et al. (21). 
Cancrinite is closely related to sodalite in structure with a partic­
ularly open, wide-meshed aluminosilicate framework. The cavities in the 
framework contain water molecules and cations (sodium salts) that balance 
the negative charge of the framework. However, the ways of stacking the 
six-membered rings of TO^ tetrahedra layers (T being Si or Al) to form the 
framework are different for both types of SHAS compounds. Cancrinite can 
be represented as an ABAB.... sequence of aluminosilicate layers and 
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sodalite as an ABCABC.... sequence of the same layers. Thus, the unit 
cell of sodalite is cubic with the dimension a ranging from 8.83 to 
o 
8.91 A whereas the structure of cancrinite is hexagonal with the dimensions 
o o 
a and b 12.63 to 12.78 A, c 5.11 to 5.19 A. These crystallographic aspects 
of sodalite and cancrinite are discussed thoroughly by several authors 
(16, 17, 25, 46). On the other hand, analcime (also call analcite) is a 
natural zeolite-type mineral, which has a cubic structure with the dimen-
o 
sion a ranging from 13.67 to 13.75 A and the chemical composition, 
NagO'AlgO^'^^^^2"^^2^' per unit cell. The unique physical and chemical 
properties of zeolites enable zeolites to undergo cation exchange and 
reversible dehydration and their open framework structure enables them to 
act like molecular sieves (17, 25). It has also been confirmed that the 
water in these hydrated cancrinite-type and sodalite-type compounds is 
present in the same form as that in zeolite which can lose a part or all 
of its water without a change of crystal structure (158). 
The formation of different types of SHAS compounds in the Bayer process 
mainly depends on the leaching conditions such as temperature, duration, 
and the addition of various sodium compounds to the caustic solution. Under 
the normal operating conditions (180°C, 1 hr.) of the Bayer process, only 
sodalite-type SHAS compounds are usually found in red mud. Breuer e^ al. 
(26) have extensively studied the behavior of silica in sodium aluminate 
solutions at various temperatures from 70 to 250°C. They reported that the 
crystal structure of the SHAS compounds changes in the following sequence: 
aluminosilicate gel ->• zeolite-type sodalite-type ->• 
cancrinite-type (2) 
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At low temperature the first crystalline product that forms is Linde 
zeolite A; this is converted with time to a sodalite compound. At higher 
temperatures (175°C), only sodalites are formed. The conversion of 
sodalite into cancrinite is accelerated by increasing the leaching 
temperature to 250°C and prolonging the digestion time as well as by 
adding various salts (especially sodium carbonate). Similarly, Solymar 
and Kovacs (167) studied the phase transformation of bauxites in the Bayer 
process and also found that the red mud formed at a temperature of 180°C 
contains SHAS compounds predominantly in the form of sodalite, while in 
the material digested at 240°C only cancrinite can be identified unequiv­
ocally. 
In a study of the foirmation of SHAS compounds during desilication of 
sodium aluminate solutions, Avdeeva and Vorsina (14) also reached a 
similar conclusion. Synthetic sodium aluminate solutions, containing 
85 g./l. AlgO^, 25 g./l. NagO (as carbonate), 3.5 g./l. SiOg, and having a 
caustic ratio to aluminate solution of 1.55, were used for the study. 
Their results under various desilication conditions were as follows: 
treatment at 105°C and 3 hr. produced a zeolite-type SHAS compound, treat­
ment at 220°C and 3 hr. produced a sodalite-type, and treatment at 220°C 
and 36 hr. produced a cancrinite-type. They also indicated that a 
cancrinite-type compound, corresponding to the composition 1.3 Na^O-Al^O^' 
1.87Si02"0.3C0g'0.8Hg0, differs from the sodalite-type compound of similar 
composition by its anisotropy, a higher refractive index, and a radiating 
structure of spherular crystals. Raizman et al. (146) also investigated 
phase transformations during autoclave decomposition of kaolinite with 
recycled Bayer solution in the presence of carbonate ion. The leaching 
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conditions used by them were as follows: temperature 240°C, duration 
2.5 hr., concentration of alkali 160 g./cm. NagO, and having a caustic 
ratio to aluminate solution of 1.6. The reaction products were analyzed 
by chemical. X-ray diffraction, infra-red (IR) spectroscopy, and electron 
microscopy methods. Based on the X-ray pattern and IR spectrum, the 
authors concluded that kaolinite decomposes completely with the formation 
of a SHAS compound structurally similar to cancrinite. The molecular 
composition of this compound is 0.88 Na^O«AlgOg-1.92Si02-0.25Na2C0g' 
l.gSHgO. Moreover, accumulations of cancrinite-like, needle-prismatic 
crystals were also observed in an electron photomicrograph. In recent 
work, Hsieh (81) studied the extraction of alumina from ash samples 
obtained from anthracite coal waste by using a hydrothermal alkaline 
digestion process. He also identified several SHAS compounds in the 
digested mud. 
The reaction mechanism and kinetics of converting kaolinite to SHAS 
compounds during an alkaline leaching treatment have been studied for many 
years by several researchers in the Soviet Union (53, 105). These inves­
tigators indicated that during the leaching of kaolinite the concentrations 
of silica and aluminum in the alkaline solution increase gradually until 
reaching a maximum and then decrease fairly rapidly on account of the 
precipitation of SHAS compounds. Therefore, it is believed that kaolinite 
leached with a hot alkaline solution decomposes initially with the passage 
of silicon oxide and aluminum oxide into solutions in the form of sodium 
silicate and sodium aluminate with subsequent precipitation of silica and 
aluminum in the form of SHAS compounds. At a specific moment in time, 
these two reactions (dissolution and precipitation) begin to occur 
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simultaneously and significantly affecting each other. The reactions have 
various rates at different times. Eremin et al. (53) indicated that the 
kinetic curves for the reaction of kaolinite with hot alkaline solutions 
can be characterized by three periods differing significantly in the 
decomposition rates of kaolinite. The first period corresponds to the 
stage of saturation of the solution with silica before the beginning of 
the precipitation of SHAS compounds. The dissolution of kaolinite 
corresponds to the reaction, 
Al20^'2Si02'2Hg0 + 6 NaOH t 2 NaAlOg^^^^ + 2 Na^SiOg^^q) + 5 HgO. (3) 
During the first period, the kaolinite dissolution reaction is first order 
and takes place under kinetic control with an activation energy of more 
than 10 kcal/mole. The second stage occurs under conditions which form a 
film of precipitating SHAS compounds on the grains and particles of 
kaolinite which has a retarding effect on the dissolution of the kaolinite. 
The rate of decomposition of the kaolinite and the rate of precipitation 
of silica in the form of SHAS compounds in this period are commensurate. 
The dissolution of kaolinite takes place under a combination of rate 
controlling steps in the second period, and the activation energy of the 
reaction is between 5 and 10 kcal/mole. The third stage reflects the 
preferential precipitation of SHAS compounds from the supersaturated (in 
silica) solution with a very low rate of decomposition of the remaining 
kaolinite, screened by a compact film of SHAS compounds. Therefore, the 
decomposition of kaolinite takes place under internal diffusion control in 
the final period with an activation energy below 5 kcal/mole. 
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Silica Pure silica occurs in coal in the form of quartz. Its 
structure consists of a three-dimensional framework of SiO, tetrahedra 
4 
with each oxygen linked to a silicon atom in a neighboring tetrahedron. 
The crystal structure is such that there is very limited space for 
accommodating extra atoms, and silicon cannot be replaced readily by any 
other common quadrivalent cation. Although silica is relatively unreactive 
towards chlorine, hydrogen, acids, and most metals at ordinary or slightly 
elevated temperature, it is attacked by fluorine, aqueous hydrogen 
fluoride, alkali metal hydroxides, and fused carbonates (42). The concept 
of removing silica from ores by caustic extraction is not new. The extrac­
tion of quartz from siliceous iron ores by dissolution in hot sodium 
hydroxide solutions has been investigated by several workers over many 
years (31, 68, 177, 184). Their results indicated that the rate of extrac­
tion of silica from these ores is related to leaching temperature, digestion 
time, caustic to quartz ratio, sodium hydroxide concentration, and the 
variety of quartz. Hooley (80) proposed that the dissolution of quartz in 
aqueous sodium hydroxide solution follows a two-step mechanism: 
SiOg + 2 HgO $ SiOg'^HgO (4) 
SiOg'^HgO + 2 0E~ t Si(OH)g^". (5) 
The first step involves adsorption of water while the second step involves 
reaction with hydroxy ions to produce a soluble product. 
Several investigators (30, 68) have shown that the rate of dissolution 
of silica or quartz by caustic solutions is first order with respect to the 
particle surface area. In a study of the kinetics of dissolution of quartz 
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by aqueous sodium hydroxide solutions at temperature below 300°C, Burkin 
(30) indicated that the reaction rate is controlled by a chemical, not 
diffusional, process. It was suggested that the rate is controlled by 
the breaking away of ions from the solid quartz lattice. It was further 
shown by Burkin that the attack of quartz by caustic solutions is highly 
preferential on particular faces and to surface imperfections such as 
scratches and other indentations. The nature of dissolution of quartz 
during alkali treatment was also studied by Derevyankin £t al. (47) using 
an electron microscope to examine samples of quartz before and after 
digestion. It was found that dissolution is not uniform over the whole 
surface of each particle but occurs mostly at surface defects (cracks, 
pores, etc.). Outwardly, this results in the appearance of holes, cracks, 
steps, and tubular openings. 
In addition to the surface area, many other factors that can influence 
the rate of dissolution of silica particles in aqueous solutions have been 
reviewed in detail by O'Connor and Greenberg (133). They also formulated 
an equation to represent the rate of dissolution of silica and this 
equation is given below. 
f - KjS - K^CS (6) 
where C = concentration of dissolved silica (mole/1) 
2 
S = surface area of solid silica phase (m /I) 
= rate constant for dissolution 
Kg = rate constant for deposition or polymerization 
t = time. 
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Since the rate of dissolution is zero at equilibrium, dC/dt = 0 and 
where Ce is the equilibrium concentration or solubility of silica. In 
this deviation of the equilibrium constant K, it was assumed that the 
silicic acid is deposited by condensation reactions on the surface of the 
silica. Generally, the rate of deposition is negligible in an alkaline 
solution above a pH of 11, so that 
The effectiveness of various desulfurization methods depends on the 
types of sulfur in coal and their distribution and reactivity. Thus, 
the formation, determination, distribution, and chemical reactions of 
various sulfur-containing compounds present in coal are very important. 
Formation of sulfur in coal 
Several excellent reviews about the forms and occurrences of sulfur 
in coal are available (6, 9, 69, 159). Sulfur in coal is mainly present 
as organic sulfur and inorganic sulfur, although elemental sulfur may be 
present in small amounts ranging from 10 to 2000 ppm. (196). The higher 
levels of elemental sulfur may possibly be attributed to the weathering 
of coal, since elemental sulfur can be produced from the oxidation or 
decomposition of pyrite under certain conditions. 
Therefore, equation 6 can also be expressed as follows: 
^ = KgSCCe-C) (7) 
(8) 
Sulfur in Coal 
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The incorporation of sulfur species from the environmental into coal 
during coalification can be considered as a four-step mechanism (6, 10, 
124, 200, 203). The organic coal substance is first contacted with sea 
water containing sulfates. At some point, the coal bed is also infused 
with a ferruginous solution. The iron compounds and sulfates react to 
form iron sulfates. The iron sulfates are then converted to pyrite and 
organic sulfur. The process is initiated by sulfate-reducing bacteria 
which reduce the sulfate sulfur to hydrogen sulfide in an alkaline medium. 
The hydrogen sulfide then reacts with iron sulfates to form pyrite and 
elemental sulfur. These reaction can be depicted as follows: 
FeSO^ sulfate-reducing bacteria, (g) 
2 FeSO^ + 5 HgS + 2 FeS^ + 2 S + H^SO^ + 4 H^O. (10) 
Subsequently, the elemental sulfur reacts with the coal substance to form 
carbon-sulfur bonds. Reactions which form thiolic, disulfide, and thio-
phenic sulfur are given below (89). 
S + RH -> RSH (11) 
2 S + 2 SH ^  RSR + H^S (12) 
4 8+ RC^Hg ^  E- lyl + 3 H^S (13) 
Casagrande and Ng (34) demonstrated that some of the organic sulfur in 
coal actually orginates from an inorganic sulfur source, such as 
elemental sulfur. In addition, hydrogen sulfide can react with the 
organic matter and exchange oxygen functional groups with sulfur groups 
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to produce organic sulfur (33, 144). An example of this type of reaction 
is shown below. 
ROH + H^S RSH + HgO (14) 
The sulfur-containing amino-acid structure present in both coal-
forming plants and animal proteins is usually considered to be another 
source of organic sulfur. Therefore, organic sulfur may be partly 
derived from coal-forming plants and partly from inorganic sources. In 
a recent study by Raymond and Hagan (149) of the relationship between 
pyrite formation and organic sulfur in coal, the organic sulfur attributed 
to the plant source was called primary organic sulfur. Any enrichment 
of the organic sulfur content during or after peat deposition was con­
sidered secondary organic sulfur. 
Determination of the forms of sulfur in coal 
In the standard ASTM procedure (4), total sulfur is determined by 
the Eschka or bomb washing methods; sulfate sulfur is determined by 
extracting a weighed sample of coal with boiling hydrochloric acid 
following by precipitation with barium chloride and weighing as barium 
sulfate. It is assumed that all sulfate sulfur and non-pyritic iron are 
extracted by the hydrochloric acid. The residue is then extracted with 
nitric acid to dissolve the pyrite. The iron content of the acid solution 
is determined by titration or atomic absorption as a measure of the 
pyritic sulfur. This measurement technique avoids any error caused by 
the possible decomposition of organic sulfur compounds by the nitric acid. 
According to the ASTM method, the organic sulfur is determined as the 
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difference between the total sulfur and the inorganic sulfur content. 
This is an indirect method and any error in total, pyritic, or sulfate 
sulfur determinations causes an error in organic sulfur content. For 
example, an error in reported organic sulfur content can result from the 
incomplete removal of microcrystalline pyrite particles embedded in the 
coal matrix by nitric acid leaching (6). Another source of error can 
result from the presence of elemental sulfur or any non-ferrous sulfides 
in coal (69). Generally speaking, the ASTM technique is basically sound 
when applied to raw coals, but there may be problems with analysis of 
chemically processed coal (159). This is because the assumptions under­
lying the ASTM method may not hold for chemically treated coal. 
Direct determination of organic sulfur to avoid possible errors 
inherent in the ASTM procedure is difficult because the organic sulfur 
is present in different functional groups and is dispersed throughout the 
organic coal matrix. Although several instruments methods are being 
developed for the direct determination of organic sulfur in coal, no 
satisfactory method is available for routine use. The methods under 
development include electron microprobe with wavelength-dispersive X-ray 
analysis (147, 148), X-ray fluorescence (166), and combined coal petro­
graphy and microprobe analysis (75). Recent work of Straszheim et al. 
(179-181) has established the applicability of scanning electron 
microscopy with energy-dispersive X-ray analysis to measure organic 
sulfur directly in a variety of coals. However, more work is needed to 
develop a reliable and inexpensive method to determine directly the organic 
sulfur content not only of raw coals but also of chemically treated coals. 
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Distribution of organic sulfur functional groups in coal 
Attempts to identify and determine quantitatively organic sulfur 
functional groups in coal have been minimal. In 1977, Attar and 
Corcoran (9) showed that three approaches have been used to examine 
organic sulfur compounds in coal: (i) direct examination of the coal 
by spectrometric (IR, UV, Raman) and chemical analysis (methyl iodide), 
(ii) decomposition of the coal followed by examination of the fragments, 
and (iii) chemical incorporation of sulfur compounds into an organic 
matrix (simulated coal) and subsequent characterization of the product. 
On the basis of rather sparse data, it is generally assumed that the 
organic sulfur in coal can be categorized into four groups: (i) mercaptan 
or thiol (RSH), (ii) sulfide or thio-ether (RSR'), (iii) disulfide (RSSR'), 
R and R' represent alkyl and aryl groups, respectively. Recently, a new 
technique called the thermokinetic method was developed by Attar and 
Dupuis (5, 6, 10) to analyze organic sulfur functional groups in coal. 
This method is based on the fact that each type of organic sulfur func­
tional group can be reduced to release hydrogen sulfide at a different 
temperature if a sufficiently strong reducing agent is used. A plot 
which shows the hydrogen sulfide evolution rate as a function of 
temperature (or time) is called a kinetogram. Attar and Dupuis (11, 12) 
estimated that 10-30% of the organic sulfur in bituminous coal is present 
in the form of thiols. Sulfidic sulfur accounts for 5-27% while thio-
phenic sulfur constitutes 40-70% of the organic sulfur. Most of the 
organic sulfur is thought to occur in single and condensed thiophenic 
and (iv) heterocyclic structures containing the thiophene 
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rings. Larger concentrations of condensed thiophenic structures are 
observed in higher rank coals, whereas thiolic or sulfidic structures 
are more prevalent in low-rank coal. Current theories on coal structure 
presume that the organic structure of coal condenses and becomes more 
aromatic as the degree of coalification increases. Thus, it is not 
surprising that the organic sulfur groups are more condensed (i.e., 
more thiophenic-type sulfur) in higher-rank coal than low-rank coal. 
Chemical reactions of organic sulfur functional groups 
The removal of organic sulfur from coal has proved very difficult 
because the organic sulfur groups are chemically bonded to the carbon 
structure. Removal of sulfur compounds requires a partial breakdown 
of the organic coal matrix. There are several comprehensive reviews 
(7, 60, 122, 188, 203) of the chemistry of the type of organic sulfur 
compounds thought to be present in coal. The reactivity of various 
organic sulfur groups varies widely. Moreover, the structure of the 
organic radical connected to a sulfur atom affects the rate of reaction 
of the sulfur group. Chemical mechanisms which may be employed to remove 
organic sulfur from coal can be classified into six major groups: 
reduction, oxidation, nucleophilic displacement, solvent partitioning, 
alkali extraction, and thermal decomposition. At the present time, the 
reduction mechanism (hydrodesulfurization), particularly in the presence 
of a selective catalyst, has been shown to be the more effective method 
for removing organic sulfur. 
It has been suggested that oxidative desulfurization of organic 
sulfur compounds requires two steps: oxidation of the organic sulfur 
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to suifone or sulfonate, and then alkali leaching or thermal decomposition 
of sulfone to remove the sulfur (8). Among the sulfur functional groups, 
thiols, sulfides, and disulfides are more amenable to oxydesulfurlzation 
than are thiophenes. Based on treatment of model organosulfur compounds 
under Ames oxydesulfurlzation conditions (0.2 M aqueous Na^COg, 150°C, 
13.6 atm. 0^, 1 hr.), the following reactions were observed (36, 169): 
CgH^SH ^  CgH^SO^Na (95% conversion) (15) 
(CgH^S)^ CgH^SO^Na (90% conversion) (16) 
C^HgCH^SCgH^ 4- CgH^CHO + C^H^COONa + CgH^SG^Na (70% conversion) (17) 
CgH^SCgH^ ^  No reaction (18) 
Benzothiophene and Dibenzothiophene -y No reaction. (19) 
It is apparent that more severe conditions are needed to oxidize thio-
phenic compounds; however, most oxidants such as nitric acid, nitrogen 
dioxide, chlorine, and oxygen will also react with the coal substance. 
The key to an economically feasible desulfurization process based on 
oxidation is selectivity. The non-selectivity of oxidation will cause a 
loss of coal heating value. In a recent study, Vasilakos and Clinton 
(190) proposed a selective oxidation process for removing both pyritic 
and organic sulfur from coal under very mild conditions. The basic 
scheme consists of selectively oxidizing the organosulfur compounds to 
the corresponding sulfoxides and then sulfones, thus destablizing the 
carbon-sulfur bond: 
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0 0 
R - S - R' > R - S - R' > R - S - R' (20) 
II 
0 
The sulfones are then oxidized further to sulfonic acids which can be 
hydrolyzed to yield sulfuric acid and completely desulfurized hydro­
carbon products. 
RSOgR' ^ > RSO3H + R'H —R - OH + R'H + H^SO^. (21) 
The authors investigated the desulfurization of a bituminous coal by 
treatment with an aqueous solution containing hydrogen peroxide (15 wt. %) 
and sulfuric acid (1.0 M) at 25°C for various lengths of time. Although 
pyritic sulfur and ash-forming minerals were effectively removed in this 
way, organic sulfur remained unaffected. Minimal attack on the organic 
constituents of the coal matrix was observed. In a model compounds 
study, the authors indicated that most of the basic organosulfur structures 
present in coal appeared to be readily converted to the sulfone form under 
the preceding conditions. Nevertheless, in most cases, the oxidation did 
not proceed beyond the sulfone stage. In other words, the additional 
desulfurization steps necessary to free the organic sulfur from the coal 
matrix (equation 21) did not take place. These results imply that a 
significant portion of the oxidized organosulfur compounds may have 
existed in the treated coal. Since an alkaline hydrolysis step might have 
been able to leach out the oxidized organosulfur compounds from coal, the 
HgOg/HgSO^ treated coal was further subjected to an extended leaching 
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cycle with a hot (80°C), 0.1 M sodium carbonate solution by the authors. 
However, the experimental results showed that the subsequent alkaline 
treatment did not achieve additional ash reduction or organic sulfur 
removal. The authors suggested that most of the organic sulfur in the 
coal was probably in stable phenyl or thiophenic forms that could 
survive the oxidative peroxide attack. 
The most effective oxidant may be an electrophilic oxidant such as 
peroxytrifluoroacetic acid (CH^COOH) which oxidized the sulfur func­
tionalities to sulfones and sulfonic acids (191). For example, the 
following reactions have been shown to occur; 
CF COOH/H 0 
C,H SH — C,H.SO_H (90% conversion) (22) 
^ 25°C, 15 min. ^ ^  
CFgCOOH/H^Og 
(91% conversion) (23) 
60°C, 5 hr. ^ "S' 
0. 
CF COOH/H 0 
(C-H S) —; 2 C,H SO.H (90% conversion) (24) 
^ ^  ^ 60°C, 5 hr. ^ ^  ^ 
Since the divalent sulfur in sulfides and thiophenes is more nucleophilic 
(or electron donating) than the aromatic ring, sulfur will be oxidized 
first by the electrophilic oxidant, peroxytrifluoroacetic acid. The 
resulting -SOg- group is electron-withdrawing and therefore retards the 
oxidation of the aromatic ring. 
Thiols and mercaptans, which are weakly acidic, can be neutralized 
by a strong base and solubilized in water (122). 
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RSH + OH 4- RS + H^O (25) 
However, this is not true of sulfides, disulfides, or thiophenes. 
While organic sulfur compounds are subject to thermal decomposition 
(pyrolysis), so are the other components of the coal macromolecule such 
as amines, ethers, acids, etc. (13, 122). This is because C-0 and C-H 
bonds are more easily broken than the C-S bonds. Thus, a catalytic 
approach to pyrolytic decomposition, where a catalyst is used selectively 
to promote the decomposition of organic sulfur, appears to be the only 
feasible method. 
Chemical reactions of pyrites 
Of the numerous chemical reactions of iron pyrite, the potential 
pyrite removal reactions can be categorized into four kinds: displace­
ment, acid-base neutralization, oxidation, and reduction (122). Of these, 
only the displacement mechanism has not been demonstrated experimentally. 
The extraction of pyrite from coal with alkali can be performed using 
either aqueous solutions (151) or molten caustic (117) at temperatures 
ranging from 200 to 400°C. The underlying chemical reactions appear to 
be (205) 
8 FeSg + 30 NaOH(aq) 4 FegO^ + 14 BagS + NagSgOg + 15 H^O (26) 
FeSg + 4 NaOH(Jl) -> 32/35 (0.5 Fe^O^ + 2 Na^S + 2 H^O) + 
3/35 (0.33 Fe^O^ + 2 NagSO^ + 2H2) (27) 
Nepokrytykh e^ al. (126) leached pyrite with an alkaline solution at 
300°C and found that the pyritic sulfur is extracted by the solution as 
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sulfide (90-93%) and as thiosulfate, sulfite, and sulfate (total 7-10%). 
Stephenson (175) also indicated that most of the extracted sulfur is 
present as soluble sulfides (60-90%) with measurable amounts of sulfate 
when pyrite is leached at 250°C with 1.0 M sodium carbonate solution in 
an inert atmosphere. 
Hydrogen begins to remove sulfur from pyrite at a temperature of 
440°C, and at 530°C the disulfide is totally converted to ferrous 
sulfide and hydrogen sulfide (7). 
% 
2 FeSg(s) + HgCg) t FeS(s) + HgSCg) (28) 
Then, at temperatures higher than 900°C, the ferrous sulfide further 
reacts with hydrogen to form elemental iron. 
K2 
FeS(s) + HgCg) t Fe(s) + HgSCg) (29) 
However, the reaction of ferrous sulfide with hydrogen is very slow. 
_3 
The equilibrium constant was calculated to be 10 at a temperature 
of 1000°K (154). The value of is about five orders of magnitude 
smaller than K^. Therefore, hydrodesulfurization of pyrite is limited 
to 50% because of thermodynamic limitations. In addition, the inhibiting 
effect of hydrogen sulfide which will reverse the reaction between 
ferrous sulfide and hydrogen according to equation 28 also affects the 
removal of iron pyrites from coal by hydrogen (202). 
Oxygen is more effective than hydrogen in desulfurization of pyrite 
and is capable of complete removal of pyritic sulfur unless the reaction 
is inhibited by mass transfer limitations (39). Furthermore, oxidation 
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of pyrite to form sulfur dioxide is thermodynamically more favorable 
than reduction of pyrite by hydrogen to form hydrogen sulfide (7). 
Reactions of pyrite with gases such as air and oxygen at high temperatures 
give rise to sulfur dioxide, but a layer of hematite deposited on the 
pyrite surface will inhibit further reaction. The following reactions 
are responsible for this type of desulfurization (7, 52): 
FeSg + Og ^ FeS + SO^ (30) 
FeS^ + 3 O2 -> FeSO^ + SO^ (31) 
2 FeSg + 3.5 O2 FegO^ (or Fe^O^) + 2 SOg (32) 
2 FeSO^ Fe^Og (or Fe^O^) + 2 SOg + 0.5 0% (33) 
Nearly complete desulfurization of pyrite can be achieved by air oxida­
tion at approximately 810°C. 
At ambient temperatures, pyrite is attacked only by strong oxidizing 
agents such as concentrated nitric acid. The leaching reaction of coal 
pyrite with nitric acid in an aqueous environment may be given as 
FeS^ + 5 N0^~ + 4 H"^ i Fe"*^ + 2 + 5 NO + 2 H^O (34) 
Pyrite is oxidized to yield ferric and sulfate ions. One of the problems 
connected with the desulfurization of coal with nitric acid is that the 
oxidant nitrates the organic coal matrix. The nitration may provide 
another source of air pollution (52). At elevated temperatures (below 
200°C), pyrite can be oxidized with aqueous solutions of a number of 
oxidants, such as ferric salts, oxygen, sulfur dioxide, nitrogen dioxide. 
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and chlorine (122, 198). For example, pyrite will react with oxygen 
dissolved in aqueous solutions as follows; 
FeSg + 2 Og ^ FeSO^ + S (35) 
2 S + 3 O2 + 2 H^O -> 2 HgSO^ (36) 
FeSg +3.5 O2 + H^O •> FeSO^ + HgSO^ (37) 
FeSg + 3.75 0^ + 0.5 H^O + +0.5 H^SO^ (38) 
FeSg + 3.75 0% + 2 H^O 0.5 FegO^ + 2 HgSO^ (39) 
The products vary with the reaction temperature, the oxygen pressure, and 
the pH value of the aqueous solutions. Generally, the products of aqueous 
oxidation of pyrite were found to be thiosulfate, sulfite, and sulfate 
for alkaline leaching solutions and elemental sulfur and sulfuric acid for 
neutral or acidic leaching solutions (175). Under most conditions of the 
Ames oxydesulfurization process, thiosulfate was usually the primary 
sulfur-containing species. However, higher temperatures and higher oxygen 
partial pressure favor the formation of sulfate at the expense of sulfite 
and thiosulfate (176). 
Oxidative leaching of iron pyrite using both alkaline and acidic 
solutions has been the subject of several investigations. A detailed 
review of the aqueous oxidation of pyrite by molecular oxygen was published 
recently by Lowson (112). In this report, three possible pathways for the 
aqueous oxidation of pyrite were indicated. The pathways are (i) through 
bacteria catalyzed reaction, (ii) through a sequence of chemical reactions, 
and (iii) through an electrochemical reaction. The bacterial path 
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was not discussed. The chemical oxidation path is a sequence of three 
steps: (i) the oxidation of pyrite by molecular oxygen via an adsorp­
tion mechanism to sulfate and ferrous iron, (ii) the oxidation of 
ferrous iron by molecular oxygen to ferric iron, and (iii) the oxidation 
of pyrite by ferric iron to sulfate and ferrous iron. On the other hand, 
the electrochemical path is the summation of the two half-cell reactions: 
one for the cathode 
O2 + 4 h"^ + 4 e~ -» 2 H2O (40) 
and one for the anode 
FeSg + 8 HgO Fe"^ + 2 + 16 h"^ + 15 e~ (41) 
The most important difference between these two approaches is that the 
oxygen in the products obtained via the adsorption mechanism (120) is 
derived from dissolved molecular oxygen, whereas the oxygen in the 
products obtained via the electrochemical mechanism (15) is derived from 
water. In the second case, the dissolved molecular oxygen is employed 
in a separate cathodic reaction. 
Early theories favored an oxygen adsorption mechanism followed by 
a chemical reaction. For example, a diffusion model was proposed for 
the oxidation of pyrite in caustic solutions by dissolved oxygen (174). 
The mechanism suggested that the oxygen molecules are first adsorbed on 
the surface, dissociated into atoms, and then diffused through the product 
layer (iron oxide) toward the unreacted pyrite core, while sulfur ions 
are diffusing out to the surface to be oxidized to sulfate. Recently, 
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Joshi et (93) studied the effect of pH on the removal of pyritic 
sulfur from coal by oxydesulfurization. The experimental data showed 
that the rate of pyrite oxidation was least under nearly neutral condi­
tions. The overall reaction is controlled by the surface reaction 
between the pyrite and dissolved oxygen. Under otherwise identical 
conditions, the rate of pyrite oxidation was much faster in alkaline 
media than in acidic solutions. The enhancement in the rate of pyrite 
oxidation is explained on the basis of electrochemical reactions. Under 
both alkaline and acidic conditions, the rate-controlling mechanism is 
probably a combination of oxygen diffusion through the product layer and 
surface chemical reaction. 
Physical and Chemical Coal Cleaning 
Coal cleaning is a flexible technology that, in its most primitive 
forms, has been used almost as long as coal has been mined. In recent 
decades, more advanced forms have continued to evolve. Basically, all 
cleaning processes aim to improve the quality of coal by removing varying 
amounts of sulfur, ash-forming mineral matter and other waste material 
before combustion. The resulting product is a higher quality fuel, 
which ideally meets governmental regulations for control of sulfur dioxide 
emissions from utility and industrial boilers, and is easier on plant 
equipment. There are two general categories of coal cleaning processes; 
physical, which will remove mainly large discrete minerals Including iron 
pyrites, and chemical, which may remove fine minerals and some organic 
sulfur. Physical coal cleaning has an extensive commerical history, while 
chemical coal cleaning is not yet commercialized. A variety of coal 
47 
cleaning processes currently being applied or developed has been reviewed 
extensively in the literature (22, 59, 98, 109, 111, 119, 163, 198). In 
the following discussion, both physical and chemical cleaning methods 
which are related to the present research project will be examined 
briefly. 
Physical cleaning methods 
Current industrial and laboratory physical coal cleaning processes 
range in complexity from simple systems for removing coarse refuse to 
highly sophisticated systems designed for maximum removal of sulfur and 
ash-forming minerals from a specific coal supply. Basically, physical 
coal cleaning can be divided into four broad categories based on the 
physical properties that are used to affect a separation: specific grav­
ity, surface properties, magnetic susceptibility, and electrical conduc­
tivity. Gravity separation depends on the specific gravity difference 
between coal and its impurities. The specific gravity of clean coal is 
usually between 1.3 and 1.7 whereas the specific gravity of mineral 
matter is between 2.5 and 5.0. Gravity separation processes are rela­
tively simple and include most conventional coal cleaning methods such 
as jigging, tabling, dense-medium processing, hydrocycloning, and air 
classification (87). 
Several coal cleaning methods including froth flotation, oil 
agglomeration, and solvent partitioning make use of the difference in 
surface properties to separate ash-forming mineral matter from coal. 
Generally, the coal minerals except pyrite tend to be quite hydrophilic 
(water attracting), whereas the coal macérais are either hydrophobic 
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(water repelling) or at least less hydrophilic than the minerals. In 
the froth flotation process, the hydrophobic coal particles cling to 
air bubbles and rise to the top of a liquid suspension where the clean 
coal is recovered in a froth. A frothing agent is normally added to 
facilitate the flotation of the coal-. The hydrophilic minerals are left 
behind in the aqueous suspension (141). In oil agglomeration, a small 
amount of fuel oil is added to an agitated slurry of coal and water, 
causing the hydrophobic coal particles to become oil-coated and agglom­
erated into larger clumps of coal and oil. The large agglomerates can 
be separated from the unagglomerated mineral particles by screening the 
suspension (106). In the solvent partitioning method, a coal-water slurry 
is mixed with an organic solvent such as perchloroethylene. The hydro­
phobic coal particles are transferred to the solvent phase, whereas the 
hydrophilic minerals remain in the water phase. The liquids separate 
into different layers which can be decanted (157). 
Magnetic separation relies on the difference in magnetic suscep­
tibility of coal and mineral matter, either in air or aqueous slurries. 
The method was applied extensively in the present research project and 
will discussed in greater detail in a later section. Electrical methods 
employ electrical charges and magnetic forces to effect separation. 
Electrostatic separation depends on the difference in electrical charge 
of various particles produced by one of several mechanisms in air (87). 
Physical cleaning methods usually involve mechanical crushing and 
grinding of the coal followed by separation of the mineral phase from the 
organic phase. A completely different technique known as chemical 
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comminution, which is a process developed by Syracuse University Research 
Corporation (145), has the potential of achieving more selective 
fragmentation of coal along bedding planes and coal-mineral boundaries. 
Consequently, mineral matter is liberated from coal without excessive 
size reduction. This method involves treating coal with a reagent such 
as anhydrous ammonia which penetrates rapidly into the coal structure 
and disrupts the natural bonds to expose the ash-forming minerals. The 
fragmented coal and unaffected mineral matter can then be separated by 
some conventional cleaning process. Therefore, chemical comminution 
may make an important contribution to physical cleaning. 
The chemical composition, physical size, and mode of distribution 
of the mineral matter in coal greatly affect the way in which it can be 
removed from coal. Certain physical cleaning methods are well-developed, 
inexpensive, and trouble-free when applied to the separation of large 
discrete mineral particles from coal. However, finely disseminated mineral 
particles cannot be removed efficiently and economically by physical 
cleaning. Also, physical cleaning does not remove the impurities which 
are bonded chemically to the organic matrix of the coal. These deficien­
cies may be overcome in the future by chemical cleaning. 
Chemical cleaning methods 
The rising interest in chemical coal cleaning stems from a need to 
remove finely disseminated pyrite and organically bonded sulfur. In 
addition, some chemical cleaning methods will remove other ash-forming 
mineral matter and certain trace elements. A number of chemical cleaning 
processes are under development which vary substantially in their approach. 
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Basically, these processes can be classified into four general types: 
oxidative, reductive, caustic, and miscellaneous treatments (197). In 
this report, only oxidative and caustic treatments are considered. 
Generally speaking, caustic treatments are carried out under relatively 
severe process conditions which promote high sulfur removal but at the 
expense of higher capital and operating costs and/or severe degradation 
of the organic material. On the other hand, oxidative treatments utilize 
mild reaction schemes which minimize the degradation or oxidation of the 
coal matrix but which are less effective in removing organic sulfur. 
Oxidative treatments Several oxidizing agents such as air, 
oxygen, chlorine, nitrogen oxide, and ferric salts are sufficiently strong 
(at elevated temperatures) to convert the pyrite and part of the organic 
sulfur in coal to water-soluble sulfate. Oxydesulfurization processes 
employ oxygen or air in an aqueous solution at an elevated temperature 
and pressure. There are four major oxydesulfurization processes under 
development: the Ledgemont process, the Atlantic Richfield Company (ARCO) 
Promoted process, the Pittsburgh Energy Technology Center (PETG) process, 
and the Ames process. In the Ledgemont process (156), ground coal is 
leached in a slightly acidic solution or an ammonia solution containing 
dissolved oxygen under 10-20 atm. pressure at 130°C for 1-2 hr. More 
than 90% of the pyritic sulfur, but none of the organic sulfur, is 
removed under acidic conditions. In contrast, about 80-85% of the pyrite 
and 30-40% of the organic sulfur are removed from certain coals under 
alkaline conditions. The consumption of oxygen is about 0.1 Kg/Kg 
bituminous coal. Generally, the oxygen taken up by the coal increases 
with a decrease in coal rank. 
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The PETC process (57) differs from the Ledgemont process in that 
air is used as the oxidizing agent and the reaction is carried out under 
acidic solutions at higher temperature (180-200°C) and higher pressure 
(34-68 atm.). At these more severe conditions, almost all the pyritic 
sulfur and up to 45% of the organic sulfur are removed from some coals, 
with heating value recovery usually higher than 90%. However, the caking 
properties of the coal are destroyed by the high temperature oxidation. 
This process has material selection problems due to dilute sulfuric acid 
generated by pyrite oxidation which is highly corrosive at the operating 
temperature and pressure. The kinetics of the PETC process were inves­
tigated recently (92, 94, 102, 160). For the oxidation of pyritic sulfur, 
two alternative mechanisms were considered. In one mechanism it was 
assumed that the fine pyrite particles are uniformly distributed in the 
coal substance (continuous reaction model) and in the other mechanism the 
pyrite particles were considered separate and free from the coal (shrinking 
core model). For the removal of organic sulfur, a continuous reaction 
model was considered. Different kinetic orders and rate-controlling 
mechanisms were noted for various coals. 
The ARCO promoted oxydesulfurization process (19) is similar to the 
Ledgemont process except that an iron-complexing agent such as sodium 
oxalate is added to act as a promoter. Up to 95% of the pyritic sulfur 
and 50% of the ash-forming minerals can be removed in 1 hr. under the 
conditions of 20 atm. oxygen pressure and an acidic solution at 120°C. 
Moreover, up to 35% of the organic sulfur may be removed if the product 
of the first leaching step is heated to about 350°C for an additional hour. 
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The Ames oxydesulfurization process (194) utilizes an alkaline solu­
tion such as 0.2 M sodium carbonate at 150°C and an oxygen pressure of 
about 14 atm. to extract 95% of the pyrite sulfur within 1 hr. from certain 
coals. The alkaline conditions improve the extraction rate of the pyritic 
sulfur and also assist the removal of organic sulfur. The apparent 
removal of organic sulfur varies from coal to coal but may approach 50%, 
especially if the first leaching step is followed by a second leaching 
step at 240°C or higher in a nitrogen atmosphere. The influence of 
various parameters on the Ames oxydesulfurization process and the rate 
controlling mechanism of pyrite removal have been reviewed in detail by 
Wheelock (194). 
Coal desulfurization by chlorinolysis is being developed by the 
Jet Propulsion Laboratory of the California Institute of Technology (95). 
This process consists of three major steps: chlorination, hydrolysis, 
and dechlorination. The chlorination step is carried out by bubbling 
chlorine gas through a suspension of powdered coal, either in water or 
in an organic solvent like methylchloroform, at temperatures of 50-100°C 
under atmospheric pressure for 1-2 hr. While chlorination of pyrite 
results in iron chloride, sulfuric acid, and hydrochloric acid, chlorina­
tion of organic sulfur yields sulfenyl chloride, sulfonate or sulfate. 
In addition, chlorine also reacts with the organic matrix. This three-
step process appears to remove up to 70% of the organic sulfur, 90% of 
the pyritic sulfur and some toxic trace elements from certain coals. A 
major drawback of this process is the need to recycle the by-product 
hydrochloric acid for conversion to chlorine. Also, the residual chlorine 
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content of the product should be reduced to 0.1% to avoid boiler corrosion 
when the coal is burned. 
The KVB process (74), which consists of three steps, is based on 
selective oxidation of the sulfur constituents of the coal, using gaseous 
nitrogen dioxide as an active oxidizing agent. In the first step, coal 
is heated for 30 to 60 min. at 100°C under atmospheric pressure with a 
gas mixture containing oxygen, nitrogen dioxide, nitrogen monoxide, and 
nitrogen. About half of the pyritic sulfur is oxidized to sulfur dioxide, 
whereas the rest of the pyritic sulfur is oxidized to iron sulfites and 
iron sulfates which are removed by a hot water wash in the second step. 
In addition, the organic sulfur appears to be oxidized to sulfoxides and 
sulfones which are removed by hot caustic treatments in the third step. 
The overall process seems to remove almost all the pyritic sulfur and 
up to 50% of the organic sulfur. A potential problem with this process 
is that nitrogen may be taken up by the coal structure which will increase 
NO^ emissions (99). 
The Meyers process (122), which was investigated by TRW Systems and 
Energy in California, involves leaching coal in an aqueous ferric sulfate 
solution at 100-130°C for 4 to 6 hr. under atmospheric pressure. The 
overall reaction involves oxidation of pyrite to form elemental sulfur 
and iron sulfate. The elemental sulfur which is finely dispersed through­
out the coal can be removed by hot solvent extraction or by vaporization. 
Although up to 90% of the pyritic sulfur and some of the trace elements 
are removed, none of the organic sulfur is affected by the Meyers process. 
The detailed chemistry and kinetics of pyritic sulfur removal have been 
extensively discussed by Meyers (122). 
Caustic treatments It has long been known that caustic, either 
in the form of a hot melt or a hot aqueous solution, is an effective 
reagent for removing sulfur and ash-forming mineral matter from coal. 
The treatment of coal with a caustic solution was initiated in Germany 
during World War II to produce a high purity carbon for making electrodes 
(43). The coal was first prepared by jig washing and froth flotation to 
reduce the ash content from 12 to 0.8%. Further treatment involved 
leaching for 20 min. with a 2.5% caustic soda solution at 250°C, washing 
with a 5% hydrochloric acid solution, and then washing with water. The 
final product contained 0.28% ash. Later, Brooks and Stemhell (27) 
subjected several low-rank coals containing 2.9 to 4.3% ash to a caustic 
treatment at 190°C for 12 hr. followed by unidentified acidification. 
An ash level of 0.1% was achieved with one particular sample of coal. 
Other samples were reported to have a final ash content of 0.3%. At 
the United States Bureau of Mines, Reggel £t (151) also applied a 
caustic treatment followed by acid washing to prepare ash-free, pyrite-
free coal. They reported that a final product containing 0.7% ash and 
0.1% pyritic sulfur was obtained by subjecting Illinois No. 6 coal con­
taining 9.8% ash and 1.1% pyritic sulfur to a caustic digestion (10% 
NaOH) at 225°C for 2 hr. followed by hydrochloric acid washing. However, 
the organic sulfur seemed unaffected by the treatment. Recently, Das 
and Yang (45) applied a similar approach to produce high-purity coal 
having an ash content of less than 0.1%. The method was based on 
sequential leaching of ground coal with a caustic solution at temperatures 
up to 300°C for 0.5-1 hr., separating the coal by filtration, washing the 
filter cake, and subsequently treating the leached coal with dilute 
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sulfuric acid and then dilute nitric acid at 95°C. For a precleaned 
Indiana No. 6 coal, about 94% of the pyritic sulfur and 33% of the 
organic sulfur were removed. 
Considerable work has been carried out at Battelle Memorial Institute 
by Stambaugh (173) to develop the Hydro thermal process which basically 
involves heating ground coal with a caustic solution containing 10% 
sodium hydroxide and 2-3% calcium hydroxide at a temperature of 250-300°C 
and under a pressure of 39-84 atm. for 10-30 min. Over 90% of the pyritic 
sulfur and up to 50% of the organic sulfur as well as some of the trace 
elements can be removed from certain coals. Most of the extracted 
sulfur appears as sodium sulfide in the spent leachant, if oxygen is 
excluded from the system. The ash content can also be decreased sub­
stantially if the hydrothermally treated coal is subsequently washed with 
dilute acid. A related process, known as the aqua-refined coal process 
(172), can produce a solid fuel with 0.5% ash and 0.4% sulfur with 90% 
heating value recovery from certain subbituminous coals. This process 
is based on leaching low-rank coal with a hot caustic solution which 
dissolves and extracts most of the organic matter. The coal extract 
is then filtered to remove the mineral matter and the filtrate is 
treated with acid to reprecipitate the organic matter. Generally, the 
product is a low-sulfur, low-ash material with a particle size below 
1 um. 
A unique process combining caustic treatment and microwave heating 
to desulfurize coal is being investigated by the General Electric (GE) 
Company (205). The GE process uses a sodium hydroxide solution to pretreat 
powdered coal followed by dewatering and irradiating with microwave energy 
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for 30-60 sec. under an inert atmosphere. After this combined caustic-
microwave treatment, as much as 50-70% of the organic sulfur and up to 
90% of pyritic sulfur are converted to soluble sodium sulfide. However, 
no ash removal has ever been achieved with the microwave desulfurization 
process. 
A more severe type of caustic treatment which involved leaching one 
part of coal with four parts of molten alkali (NaOH:KOH = 1:1) was first 
performed by Masciantonio at U.S. Steel Corporation (117). He showed 
that much of the sulfur could be extracted from either Pittsburgh or 
Illinois high volatile bituminous coal by treatment with molten caustic 
at temperatures in the range of 250 to 400°C. At temperatures above 
225°C, pyrite reacted rigorously with molten alkali to produce soluble 
sulfides. In order to remove organic sulfur, a higher temperature (above 
325°C) was necessary at which point coals become plastic-like. However, 
when this treatment was applied to Wyoming subbituminous coal, the coal 
was severely decomposed. Recently, a similar approach has been utilized 
for the Gravimelt process at TRW Systems and Energy in California (187). 
The Gravimelt process involves the treatment of one part of coal with 
ten parts of molten alkali (NaOH/KOH mixture) at about 350°C for 1 hr. to 
chemically extract both organic sulfur (above 80%) and pyritic sulfur 
(above 95%) into the molten alkali. The coal minerals are converted to 
forms Insoluble in water but soluble in dilute mineral acid. The high 
density of the melt causes the desulfurized coal to float to the surface, 
where it is skimmed off. The coal is then washed with water to recover 
the alkali metal and the coal is dried. If the coal is next washed with 
dilute sulfuric acid, almost all of the mineral matter (above 95%) is 
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extracted, A recent study (114) concerning some fundamental aspects of 
treating coal with molten caustic indicated that a mixture containing 
75% potassium hydroxide and 25% sodium hydroxide was optimum for removing 
sulfur and ash-forming mineral matter from Illinois No. 6 coal. Further­
more, the results showed that treatment of several coals by molten 
caustic (KOH:NaOH = 3:1) at 370°C for 1 hr. followed by acid washing 
removed about 98% of the sulfur and 95% of the ash-forming minerals. At 
the same time, coal losses of 30% were experienced. 
While caustic treatment appears quite effective for removing sulfur 
and ash-forming minerals from coal, especially when followed by acid 
washing, it has several serious disadvantages. First of all, molten 
caustic or hot caustic solutions are notorious for causing stress 
corrosion cracking of ferro alloys so that costly equipment is required. 
In addition, the recovery and regeneration of the caustic requires an 
involved and expensive process. Also, the cost of make-up caustic soda 
to replace unavoidable losses is likely to be significant. Finally, the 
recovery and separation of fine-size coal from molten caustic is likely 
to be quite difficult. 
Although chemical coal cleaning seems promising, none of the proposed 
methods have been demonstrated much beyond the laboratory or bench-scale 
stage of development. Future research and development should include 
efforts to supply data necessary to scale laboratory results to commercial-
size operations. The technology and economics of a number of chemical coal 
cleaning processes have been evaluated on several occasions (18, 41, 83, 
135). These preliminary estimates indicated that chemical coal cleaning 
appears technically feasible but is expensive. Although the cost of 
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chemical cleaning was estimated to be generally high for all processes, 
no consideration was given to economic optimization of specific processes 
or to combining chemical and physical cleaning in an optimum manner. 
Therefore, a major saving in chemical cleaning costs can be made if much 
of the ash-forming mineral matter including coarse pyrite can be removed 
first by physical cleaning which is less expensive. Various reports 
(18, 41, 83) show that industrial boilers and special fuels such as 
coal-oil mixtures and coal-water mixtures appear to offer the greatest 
potential markets for chemically cleaned coal. 
The choice of a coal cleaning process in a given situation depends 
on the coal source, current regulations, and the benefits of the 
available technologies. The development of a low-cost, technically 
simple, coal cleaning process which removes both inorganic and organic 
sulfur as well as ash-forming mineral matter without destroying the coal 
matrix would be a major breakthrough in coal utilization. 
Magnetic Cleaning of Coal 
Definition of magnetic properties 
Magnetic separation involves the use of magnetic forces to separate 
particles of different composition on the basis of their magnetic prop­
erties. The property of a material that determines its response to a 
magnetic field is the magnetic susceptibility. Magnetic volume suscep­
tibility is defined as the ratio of the magnetic moment per unit volume 
(or the intensity of magnetization M) to the magnetic field strength H. 
The magnetic mass susceptibility (Xm) is obtained by dividing the 
magnetic volume susceptibility by the density of the material p: 
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X m - i f .  ( 4 2 )  
Based on magnetic susceptibility, most materials may be divided into two 
groups; paramagnetic material (those attracted by a magnetic field) and 
diamagnetic materials (those repelled by a magnetic field). The magnetic 
mass susceptibility of diamagnetic substances is negative and generally 
on the order of 10 ^  emu/g., whereas the mass susceptibility of weakly 
-6 -3 paramagnetic substances is positive and on the order of 10 to 10 
emu/g. A common practice is to classify strongly magnetic substances 
as ferromagnetic materials when the magnetic mass susceptibility is on 
the order of 10 ^ to 10 emu/g. (77, 188). In general, the susceptibility 
of diamagnetic substances is nearly independent of temperature and field 
strength, whereas the susceptibility of paramagnetic materials is often 
inversely proportional to the absolute temperature, but independent of 
field strength. The susceptibility of ferromagnetic substances, however, 
depends on both temperature and field strength in a rather complicated 
way (42). 
Magnetic susceptibility of coal and its associated minerals 
Early work on the magnetic properties of coal and its associated 
minerals was done by Wooster and Wooster (201), Honda and Quchi (79), and 
Ergun and Bean (54) . Their studies have resulted in the determination of 
the magnetic mass susceptibility of several mineral components of coal 
which are listed in Table 1. All of these studies have established the 
diamagnetic nature of coal, but the diamagnetism varies from sample to 
sample. Generally, the diamagnetic susceptibility of coal ranges from 
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Table 1. Magnetic susceptibility of coal and various minerals (cited 
from (188)) 
Materials Chemical formula Magnetic ^ 
susceptibility 
(xlO^ emu/g.) 
Iron Fe 34000 
Magnetite 15600 
Maghemite 15600 
Monoclinic pyrrhotite fSySB 2800 
Siderite FeCOg 331.45 
Ferrous sulfate FeSO^ 74,2 
Ferric sulfate 57.3 
Melanterite FeSO^-7 HgO 41.5 
Shale* 39.45 
Hematite 20.6 
Clays* 20.0 
Sandstone* 15.1-20.0 
Calcite CaCOg 0.75 
Pyrite, Marcasite FeS^ 0.3-4.5 
Coal* -0.1 to -0.8 
Calcium sulfate CaSO^ -0,36 
Aluminum sulfate 612(904)3 —0,48 
heterogeneous substances with no specific chemical formula. 
^Measured with 6,000 Gauss field. 
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-0.78 X 10 to -0.06 X 10 ^ emu/g. with a variation of 0.7 x 10 ^  
emu/g. (188). The large variation in the magnetic susceptibility may 
be accounted for by the inclusion of different amounts of ash-forming 
minerals in coal samples. As shown in Table 1, most of the coal minerals 
are paramagnetic, while ferromagnetic materials such as magnetite and 
maghemite are occasionally found in coal, The residual paramagnetic 
susceptibility of the deashed coal amounts to less than 0.1 x 10 ^  
emu/g., owing to the presence of unpaired electrons, free radicals, and 
similar structures derived during coalification (2). 
Types of magnetic separators and their application in coal cleaning 
Magnetic separation equipment can be broadly classified into two 
categories: low intensity and high intensity magnetic separators. The 
former is used primarily for ferromagnetic materials but also for 
paramagnetic minerals of high magnetic susceptibility, and the latter 
for paramagnetic minerals of lower magnetic susceptibility (96). Both 
low- and high-intensity magnetic separators may be applied to either wet 
or dry materials. Wet processing predominates in low-intensity magnetic 
operations, although large tonnage dry plants do exist. High-intensity 
magnetic separators have traditionally been dry and of low capacity. 
Following advances in magnet design, very large, wet high-intensity 
magnetic separators have been introduced and successfully used for the 
separation of paramagnetic minerals such as hematite and chromite from 
China clay (96). 
Magnetic separation has been used widely for processing of minerals 
other than coal since before the 19th century (100). Magnetic separation 
62 
is somewhat restricted in removing inorganic minerals from coal because 
these minerals are usually weakly paramagnetic or non-magnetic. The 
magnetic susceptibility of coal mineral matter is so low that little 
separation can be achieved with conventional low-intensity magnetic 
separators. More recently developed separators with high-intensity and/or 
high-gradient fields can remove sulfur-bearing and ash-forming minerals 
(if sufficiently liberated as discrete particles) from pulverized coal. 
Currently, two different magnetic separation methods are being tested: 
(i) high-gradient magnetic separation (HGMS) and (ii) open gradient 
magnetic separation (OGMS). The HGMS method is based on trapping weakly 
paramagnetic particles in a filamentary matrix of strongly magnetic 
material (e.g., stainless steel wool or a steel wire screen) which is 
placed in a powerful magnetic field (e.g., 30 kOe). The high field 
gradient (e.g., 10 kOe/pm.) in the vicinity of the filaments combined 
with the intense magnetic field is able to capture even slightly magnetic 
particles from a suspension of particles passing through the matrix. 
Non-magnetic particles pass through the matrix unaffected. The technical 
feasibility of utilizing cyclic and continuous HGMS units for the 
magnetic cleaning of pulverized coal has been demonstrated in a number 
of experimental studies (78, 108, 134, 186), with substantial removal of 
sulfur and ash-forming minerals being achieved. In most cases, fine-
size coal was introduced in a water slurry, but in some cases the coal 
was suspended in air or in an oil slurry (108). When a pyrite-bearing 
coal-water slurry flows through the matrix in an HGMS unit, the pyrite 
particles (mags) are captured in the matrix while the non-magnetic coal 
fraction (tails) pass through. The basic principles of HGMS and the 
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recent application of HGMS to coal desulfurization have been extensively 
reviewed by Trindade £t (186), Oder et (135), and Liu and Lin 
(110). The key factors affecting magnetic separation of pyrite and 
other ash-forming minerals from coal are: (i) the particle size 
distribution and the degree of liberation of pyrite and other minerals, 
(ii) the slurry velocity, (iii) the magnetic field intensity, and (iv) 
the matrix characteristics and void volume. 
The OGMS method relies on the fact that when particles are 
transported through a cavity having a magnetic field that exhibits a 
gradient normal to the line of travel, the particles having a negative 
magnetic susceptibility will be deflected down gradient, the non-magnetic 
particles will be unaffected, and the particles having a positive magnetic 
susceptibility will be deflected up gradient. The magnitude of the 
deflection force is a function of (i) the magnetic field strength, (ii) 
the magnitude of the gradient, (iii) the mass of the particle, and (iv) 
the magnetic susceptibility of the particle. This principle can be 
applied to the separation of dry crushed coal, because the pyrite and 
many of the ash-forming minerals exhibit a positive magnetic susceptibility, 
while the organic fraction exhibits a negative susceptibility. Since 
particles are not trapped in a magnetic field, the OGMS process offers 
the potential of being simpler, cheaper, and more selective than the HGMS 
method. The selective beneficiation of various coals by the dry OGMS 
process is being extensively demonstrated at the Oak Ridge National 
Laboratory (78). 
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Magnetic enhancement of pyrite in coal 
Although it is possible to separate pyrite from coal by HGMS, the 
separation is costly and requires powerful magnets and large field 
gradients. If the difference in the magnetic susceptibility of coal and 
pyrite was significantly increased, a much lower-cost type of low-
intensity magnetic separator could be employed for the desulfurization 
of coal. Various means of enhancing the magnetic susceptibility of 
pyrite have been studied by previous investigators (23, 54, 188). These 
methods include magnetic seeding, dielectric heating, thermal treatment, 
oxidation/reduction, and iron carbonyl treatment. Basically, all these 
approaches are used to convert the surface of pyrite grains to other 
highly paramagnetic and ferromagnetic iron compounds, thereby rendering 
such grains amenable to separation from coal by a low-intensity magnetic 
separator. A brief review of earlier studies devoted to this subject 
is presented below. 
Magnetic seeding In 1968, Ergun and Bean (54) presented the 
results of a comprehensive study dealing with the removal of pyritic 
sulfur from coal by magnetic separation. In this investigation conducted 
at the U.S. Bureau of Mines, the need for crushing to adequately liberate 
the pyrite particles embedded in coals and the importance of enhancing 
the magnetic susceptibility of the pyrite prior to separation were 
emphasized. Because the difference in the inherent susceptibility of 
coal and pyrite was not large enough to permit an effective separation 
with low-intensity or low-gradient magnetic separators, Ergun and Bean 
studied several possible methods of enhancing the magnetic removal of 
pyrite from coal. One of the methods was to selectively adsorb 
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ferromagnetic additives such as magnetite on the surface of the pyrite 
particles to be removed. Ideally, this approach would greatly increase 
the magnetization of the pyrite particles, when exposed to a magnetic 
field. The preliminary experiments conducted by Ergun and Bean did not 
produce conclusive results. However, in an earlier study by Adamov (1), 
the use of powdered magnetite (less than 56 ym.) as a magnetizing 
additive did give improved separation of both sulfur and ash from coal 
sized to minus 3 mm. Recently, magnetic fields and their potential 
application to coal cleaning were discussed by Sladek and Cox (164, 165) 
and Liu (109). In addition, the results of a feasibility study of coal 
desulfurization involving the use of magnetic fluids together with 
magnetic separation conducted at the Colorado School of Mines Research 
Institute (CSMRI) showed substantial levels of coal beneficiation (165). 
A magnetic fluid usually consists of three essential ingredients: 
magnetic particles (e.g., iron or magnetite), a carrier liquid (e.g., 
kerosine), and a dispersing agent (e.g., oleic acid). Such fluids are 
stable, responsive to magnetic forces, and able to impart magnetic 
susceptibility to normally non-magnetic particles (109). When a magnetic 
fluid is added to coal, the fluid may be selectively adsorbed by either 
the organic constituents or the inorganic mineral impurities. The high 
magnetic susceptibility of the dispersed particles Increases the magnetic 
susceptibility of the adsorbing material and prepares it for efficient 
magnetic separation. 
Thermal treatment Thermal decomposition of pyrite has been studied 
by numerous workers (54, 103, 118, 125, 129). Upon heating, pyrite first 
dissociates into a variety of iron sulfides called pyrrhotite. 
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FeS^^(0<X<l), which range in composition from FeS^ ^23 FeS (118). 
The magnetic properties of iron sulfides vary with their composition 
and with temperature. Monoclinic pyrrhotite (Fe^Sg) has the largest 
magnetic susceptibility, about four orders greater than that of pyrite. 
Thus, if only 1% of the pyrite is converted into monoclinic pyrrhotite 
to produce a composite material, the magnetic susceptibility of the 
composite will be 100 times larger than that of original pyrite. The 
equilibrium constant for the thermal decomposition of pure pyrite to 
form ferrous sulfide varies from 1.23 x 10 at 600°K to one at 
960°K (103). However, Richardson (153) found that pyrite in coal is 
much less stable than the pure compound and could be converted easily 
to ferrous sulfide at 300°C. Pyrrhotite (Fe^Sg) was concluded to be the 
intermediate in the decomposition of FeS^ to form FeS. 
The earliest work concerning the reduction of sulfur in coal by 
magnetic separation was described in a German patent by Siddiqui in 
1957 (161). He proposed the use of chemical reaction and thermal treat­
ment to enhance the magnetic removal of pyrite from coal. The pulverized 
coal was mixed with a small amount of sodium hydroxide and then treated 
with superheated steam for 4-10 hr. at temperatures of 200-300°C. 
Husain et al. (86) later extended the work of Siddiqui, In both studies, 
X-ray diffraction analysis of the magnetic products obtained from 
separating the treated coal revealed the presence of FeS^^^, FeSg, FeS, 
Fe^O^, and kaolinite. This analysis and other experimental data indicated 
the effectiveness of using chemical reaction and thermal treatment to 
enhance the magnetic removal of pyrite from coal. However, the excessive 
reaction time made the process commercially unattractive. Recently, 
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Fine et (55) proposed a process for desulfurizing coal based on 
thermal treatment (flash roasting) under an inert atmosphere at a 
temperature in the range of 400-500°C followed by magnetic separation. 
It is expected that 50-70% of the total sulfur contained in coal can be 
removed by this process. However, much lower sulfur removals have 
been obtained in preliminary experiments on a laboratory scale. Ergun 
and Bean (54) also indicated ferromagnetic compounds of iron were not 
formed in significant quantities at heat-treatment temperatures below 
400°C, and the use of higher temperatures did not prove to be beneficial 
in most cases because of the accompanying decomposition of coal. There­
fore, attempts to enhance the magnetic properties of pyrite by converting 
it to pyrrhotite by thermal treatment have achieved only marginal success. 
Oxidation and reduction Yurovskii and Remesnikov (204) 
pioneered the use of the short-time steam-air treatment of coal prior to 
its magnetic cleaning. Pulverized Russian coals were treated for periods 
of 2-5 min. at temperatures of 320-360°C. Appreciable reduction in 
sulfur content was achieved by applying this treatment and magnetic 
separation. Later, Rester (97) thermally treated Upper Freeport coal at 
temperatures ranging from 120 to 360°C for 5-10 min. at various steam to 
air ratios in a fluidizing medium. He observed that severe devolatiliza-
tion of the small-size (-105/+149 ym.) pulverized coal occurred during 
thermal treatment. Possible surface minerals on the treated pyrite were 
listed as hematite, iron sulfates, sulfides, and trace amounts of high 
magnetic susceptibility compounds such as pyrrhotite, maghemite, and 
magnetite. The magnetic susceptibility of the pyrite in coal was only 
enhanced to a limited extent by the oxidation approach. Due to the 
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inherent complexity of kinetic and thermomagnetic relationships, past 
attempts to develop a practical chemical oxidation method as an effective 
pretreatment step prior to magnetic separation have not been successful. 
Recently, a novel magnetokinetic technique was proposed by Marusak et al, 
(116) to quantitatively follow the kinetics of oxidation of pyrite to 
form strongly magnetic compounds like maghemite which can be easily 
separated from coal by magnetic separation. Therefore, oxidation of 
pyrite to maghemite may become an attractive approach for pretreating 
coal prior to separation. 
Reactions of pyrite in air, steam, or other oxidizing gases yield 
oxides and sulfates of iron as well as sulfides. On the other hand, 
in the presence of reducing gas (e.g., hydrogen), decomposition of 
pyrite produces iron sulfide such as pyrrhotite and hydrogen sulfide 
(183). Most sulfides have higher paramagnetic susceptibilities than 
pyrite at room temperature. However, conversion of pyrite into more 
paramagnetic compounds in any significant quantity cannot occur by 
heat treatment in a reducing gas if the temperature is below 400°C. At 
liquefaction conditions of the solvent refined coal (SRC) process, 
namely, 425-475°C and 68-170 atm. of hydrogen pressure, it is now well 
established that significant amounts of pyrite are converted to weakly 
magnetic hexagonal pyrrhotites (Fe^S^g). Furthermore, upon cooling 
from the liquefaction temperature to the separation temperature (about 
150°C), some of the hexagonal pyrrhotites are generally transformed 
further to the strongly magnetic monoclinic pyrrhotites (Fe^Sg). Pre­
vious experimental studies conducted at Hydrocarbon Research, Inc. (88, 
118) have suggested that coal desulfurization by HGMS may serve as a 
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potential adjunct to coal liquefaction processes. Experimental results 
have shown that HGMS removed up to 90% of the inorganic sulfur and 25-35% 
of the ash-forming minerals from the liquefied SRC filter feed slurry 
when Illinois No. 6 coal was treated. 
Dielectric heating Numerous studies (23, 54, 205) have shown 
that the magnetic susceptibility of pyrite can be enhanced by heating; 
however, the problem of heating pyrite in coal is that the coal is also 
heated. This could result in pyrolysis of the coal in addition to 
wasting energy. A possible solution to this problem is the selective 
dielectric heating (or microwave treatment) of pyrite in coal with 
minimal heating of the coal. This may be accomplished if the dielectric 
properties of pyrite and coal differ sufficiently so that the pyrite 
absorbs more electromagnetic energy and heats faster than the coal. The 
use of microwave energy to partially convert pyrite in coal to more 
magnetic iron-sulfur compounds such as monoclinic pyrrhotite was first 
proposed by Ergun and Bean (54) in 1968. Recent studies directed toward 
gaining further understanding of the microwave pretreatment step prior 
to magnetic desulfurization have been conducted at General Electric 
Company (205) and Iowa State University (23), In tests with several 
bituminous coals, the reduction of pyritic sulfur ranged from 40 to 60% 
by microwave heating alone at 450°C for 30-60 sec. (205). An apparent 
advantage of microwave treatment for enhancing the magnetic properties 
of pyrite is that it is not necessary to crush the coal in order for the 
pyrite to be selectively heated. Crushing to liberate pyrite could be 
done after dielectric heating. 
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Iron carbonyl treatment Another method of enhancing the magnetic 
properties of iron pyrites and other ash-forming minerals is to treat the 
crushed coal with iron pentacarbonyl vapor at 170°C for 0.5-2 hr, (98, 
143). It has been experimentally demonstrated that free iron resulting 
from decomposition of the iron pentacarbonyl selectively reacts with the 
surface of pyrite to form a pyrrhotite-like material, and also deposits 
on the surface of other ash-forming minerals to form strongly magnetic 
crystallities of iron. However, iron pentacarbonyl will not react or 
deposit on the surface of organic coal constituents, Both the ash with 
iron crystallites and the pyrrhotite-like material can be easily removed 
from coal by magnetic separation. This approach was utilized in the 
Magnex process proposed by Hazen Research, Inc. The four basic steps 
of this process are crushing, heating, carbonyl treatment, and magnetic 
separation, It has been reported that approximately 60 different coals 
were evaluated in laboratory application of the Magnex process. For a 
selected group of seven coals, the reduction in ash content ranged from 
7 to 71% and the reduction in pyritic sulfur from 57 to 92% while 
86-92% of the heat content was recovered. Generally, iron pentacarbonyl 
is consumed at a rate of 0.001-0.020 g./g. coal. 
Principles of magnetic separation 
Based on the fact that the magnetic susceptibilities of coal 
minerals are different from that of coal itself, pyrite and other ash-
forming minerals such as kaolinite can be separated from coal by high-
intensity, high-gradient magnetic separation. On the other hand, pyrite 
also can be removed by conventional low-intensity, low-gradient magnetic 
71 
separation if the magnetic susceptibility of the pyrite is enhanced 
significantly by chemical pretreatment. However, both types of magnetic 
separation involve the development of translational magnetic forces as 
particles with different magnetic susceptibilities enter a magnetic field. 
According to a simplified force balance model (186), The capture of a 
pyrite particle by a strand of the matrix packing depends on the ratio 
of the magnetic force (Fm) to the opposing forces (net weight W and the 
hydrodynamic drag force Fd) acting on the particle : 
R = Fm/(W + Fd) (43) 
The magnetic force (Fm), attrative or repulsive, acting along a given 
direction (x) on a particle of mass (m) immersed in a magnetic field (H) 
is given by 
Fm = Xm-H- -g (44) 
where xm is the mass magnetic susceptibility and dH/dx is the field 
gradient. Magnetic separation takes place when the ratio R is greater 
than one. In other words, the magnetic force must exceed the opposing 
forces in order to effect a separation. 
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EXPERIMENTAL INVESTIGATION 
Equipment and Apparatus 
Autoclave 
The chemical leaching experiments were carried out in a 1-liter auto­
clave (model AFP 1005) or in a 300 ml. autoclave (model ABP-300-DC) made 
of type 316 stainless steel by Autoclave Engineerings, Inc., Erie, 
Pennsylvania. The 1-liter autoclave was designed for operating at pressures 
up to 5800 Ib./sq. in. and at temperatures up to 650°F, and the 300 ml. 
autoclave was designed for operating at even higher pressure (up to 9000 
Ib./sq. in.) over the same temperature range. Both autoclaves were equipped 
with similar accessories and fittings. Either autoclave reactor was heated 
by an electric heating jacket which was controlled by a proportional type 
controller (Barber-Colman, model 520) with digital read-out connected to 
a type K (chromel-alumel) thermocouple for temperature measurement. Each 
reactor cavity was protected by a removable liner made of type 304 stainless 
steel. The contents of each reactor were stirred with a gas-dispersing 
turbine agitator attached to a hollow shaft which was coupled magnetically 
to a variable speed electric motor. In addition, each autoclave was 
equipped with an internal cooling coil, a sampling tube, a pressure relief 
valve, and a pressure gauge. A schematic representation of the equipment 
is shown in Figure 2. Two gas cylinders were also connected to the gas 
inlet of each reactor in order to supply nitrogen and oxygen, respectively. 
The gas inlet pressure was controlled by a pressure regulator. During 
operation, gas was drawn down the hollow stirring shaft in each reactor and 
dispersed uniformly through the slurry being treated. 
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Acid washing apparatus 
The acid washing experiments were carried out in a 1000 ml. three-neck 
glass flask heated by an electric heating-mantle. A thermometer was used 
to measure the temperature of the slurry. A reflux condenser was connected 
to reduce the loss by evaporation and to keep the liquid volume constant 
throughout the experiment. The contents of the flask were agitated by an 
electric stirrer fitted with a Teflon blade. A schematic diagram of the 
setup is presented in Figure 3. 
Magnetic separator 
Magnetic separation was carried out either wet or dry in the present 
work. 
Wet separation Two small laboratory-scale magnetic separators were 
used in this study. The first experiments involving magnetic separation 
were conducted with a low-intensity magnetic separator manufactured by 
Itasca Magnetics, Inc. The magnetic separator consisted of a chamber or 
canister filled with 20 layers of fine wire mesh screen (60 mesh) made of 
magnetizable stainless steel placed between the poles of a permanent 
magnet. The overall dimensions of the packed section of the canister were 
5 cm. thick by 15 cm. high by 10 cm. average width. The maximum field 
strength was about 1200 Gauss at the center of the matrix according to the 
manufacturer. A schematic diagram of the magnet and the canister is shown 
in Figure 4. 
Subsequent experiments involving magnetic separation were conducted 
with a high-intensity magnetic separator manufactured by Varian Associates, 
Palo Alto, California. The experimental setup and operating procedure was 
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basically the same for both magnetic separators except that the high-
intensity separator used an electromagnet with a controllable field. The 
latter included three components: an electromagnet (model V3700-1), a heat 
exchanger, and a regulated power supply unit (model V2900). The power 
supply produced the current needed to energize the magnet, which could 
reach a maximum field intensity of 14 K. Gauss according to the manufacturer. 
In this study, the magnet was energized to 90% of maximum field strength 
(12.6 K. Gauss). Almost all of the heat generated by the magnet and power 
supply was removed by a water cooling system. A canister placed between 
the poles of the electromagnet was filled with 21 layers of 7 mesh stainless 
steel screen and had an overall thickness of 2.2 cm., height of 7.5 cm., 
and average width of 13 cm. 
Dry separation The dry open-gradient separation conducted in this 
study was performed with a Frantz Isodynamic separator (model L-1) manufac­
tured by S. G. Frantz Co., Inc. The separator includes a vibrating chute 
mounted centrally between the pole pieces of an electromagnet and a movable 
splitter located at the bottom of the pole pieces. These units may be 
inclined in any direction by a universal mounting, and the electromagnet 
current is continuously adjustable yielding magnetic field strengths of 0 
to 20 K. Gauss. The magnetized cavity between the pole pieces is 25 cm. 
long, 23 cm. wide, and 0.5 cm. thick at the point of narrowest air gap. 
The field gradient is 5 K. Gauss per cm. (23). 
Magnetic separations are normally made by arbitrarily adjusting the 
electromagnet current and the transverse slope of the chute until the most 
suitable product split is obtained. At any such setting, the separator 
divides a sample into two fractions, magnetic and non-magnetic. In this 
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investigation, the separator was operated with a current of 1.5 Ampere 
which corresponds approximately to an 18 K. Gauss field and with the chute 
at a transverse angle of 2.1°. In addition, the splitter setting was 
usually at 10.55 mm. Because finer-sized particles are affected by electro­
static charges and can agglomerate to disrupt magnetic separation, coarser-
sized particles in the range of 248 to 542 ym. were generally used in this 
study. 
Materials 
Coals 
Samples of high-volatile bituminous and subbituminous coals used in 
this investigation were collected from différent mines in the Midcontinent 
and Appalachian basins. The source and composition of these coals ground 
to -74 pm. top size are shown in Table 2. The sulfur distribution, ash 
content, and heating value of these coals were determined by ASTM methods ; 
In order to prepare fine-size, homogeneous, and representative samples 
for experiments, lump coal was first crushed to 3.3 cm. top size by a jaw 
crusher manufactured by Sturtevant Mill Company. The ground coal was 
crushed again to 0.6 cm. top size by passing it through a bench scale double 
roll crusher manufactured by Smith Engineering Works, Milwaukee, Wisconsin. 
After subsequent crushing, the coal was dried in an oven at 90°C under an 
inert atmosphere for 24 hr. The dried coal was then pulverized to -417 ym. 
by a Mikro-Samplemill manufactured by Pulverizing Machinery Division, 
American-Marietta Company, Summit, New Jersey. Finally, the pulverized 
coal was screened to collect -74 ym. material by a Ro-Tap testing sieve 
shaker manufactured by W. S. Tyler Company, Cleveland, Ohio. Then the 
Table 2. Source and composition of coals used in this study^ 
Coal H.V. , Ash, Sulfur content, wt.% 
(Source) MJ/Kg wt.% Pyr. Sulf. Org. Tot. 
Illinois No. 6^ 
(Elm mine, Trivoli, IL) 
31.17 9.50 1.22 0.53 1.93 3.68 
Lovilia/ROM 
(Run-of-mine coal, Monroe County, lA) 
22.53 25.1 2.26 0.93 0.95 4.14 
Lovilia/ISyC 
(Precleaned coal, Monroe County, lA) 
29.11 9.12 1.51 0.26 0.81 2.58 
Lower Kittanning "A" 
(No. 543 mine, Cambria County, PA) 
30.25 13.8 2.12 0.04 0.49 2.66 
Lower Kittanning 
(C.H. Snyder mine, Armstrong County, PA) 
27.76 17.9 7.00 0.23 1.48 8.71 
PSOC 267 
(Robinson mine. Wise County, VA) 
29.37 6.34 0.96 0.45 0.73 2.14 
PSOC 270 
(Maxineg mine, Jefferson County, AL) 
29.89  13.3 1.14 0.61 1.19 2.94 
Pittsburgh No. 8 
(Ireland mine, Moundsville, PA) 
20.48 35.2 2.61 0.08 1.51 4.20 
Western Kentucky No. 11 
(from Tennessee Valley Authority) 
29.44 9.01 1.44 0.08 2.04 3.56 
Illinois No. 6^ 
(Elm mine, Trivoli, IL) 
30.36 12.75 1.51 0.28 1.92 3.71 
^Results are averages of duplicate analyses (dry basis). 
^Different batches of Illinois No. 6 coal. 
^Lovilia/lSU was a freshly mined coal that was subsequently precleaned at the Iowa State 
University coal preparation plant by a heavy—media (magnetite process at 1.3 specific gravity). 
80 
sieved coal was split into sample bottles with a riffle splitter for 
storage under a nitrogen atmosphere until ready to be used. Part of the 
pulverized coal was ball-milled to -38 pm. size by placing 800 g. of coal 
with 1000 ml. of water and 2000 g. of flint pebbles in a 1.5 gal. ceramic 
jar and milling for 24 hr. 
Mineral matter 
The iron pyrites employed in this study were obtained in the form of 
nodules which were handpicked from the refuse produced in cleaning coal 
from the Childers site adjacent to the Iowa State University demonstration 
mine in Mahaska County, Iowa. The pyrite nodules were crushed and ball-
milled to -38 pi. size. Part of the ground pyrite was treated for 1 hr. 
with an excess amount of dilute hydrochloric acid (1.2 M) at 70°C under 
a nitrogen atmosphere to remove calcium and other acid-soluble impurities. 
The material was subsequently washed with water, dried, and sampled for 
chemical analysis. The pyrite purity was about 88% based on the sulfur 
content (45.5%) of the material. The iron content was 44.2%. Since the 
sulfur-to-iron atomic ratio was 1.89 instead of 2.0 required for pure 
pyrite (FeS^), it is likely that a small amount of some iron compound other 
than pyrite was also present. 
The kaolinite used in this study was obtained from Old Hickory No. 5 
ball clay produced by Old Hickory Clay Company, Paducah, Kentucky. Grundite 
clay from Morris, Illinois was used as a source of illite; it contained 
minor amounts of kaolinite and quartz. The montmorillonite was separated 
from a commercially available Wyoming bentonite known by the trade name 
Volcaly-SPV and produced by the American Colloid Company. It has been 
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reported the bentonite is essentially a sodium montmorillonite containing 
ten percent other minerals, mainly feldspar, quartz, and volcanic glass. 
The quartz was collected from ground Ottawa Sand, Ottawa, Illinois. Other 
reagent-grade chemicals such as calcite, gypsum, dolomite, titanium 
dioxide, ferrous sulfate, and ferric sulfate were obtained from either 
Fisher Scientific Company (Fair Lawn, New Jersey) or Matheson Coleman & 
Bell Company (Norwood, Ohio). Most of the minerals were ground to -74 ym. 
size. 
Experimental Procedures 
Ames oxydesulfurization process 
For each one-step oxydesulfurization experiments, the 1-liter autoclave 
was charged with 40 g. of coal plus 400 ml. of leaching solution and sealed. 
The desired agitator speed was established, and the autoclave was purged 
with nitrogen gas while being heated to the desired reaction temperature. 
After this temperature was reached, the flow of nitrogen was stopped, the 
autoclave was vented, and oxygen was introduced into the autoclave to start 
a run. During a run, gas was bled continuously from the autoclave at a 
rate of 0.042 m /hr. to avoid any build-up of gaseous reaction products in 
the system. Thus, the reactor was operated in a semibatch mode. The 
agitator speed, oxygen partial pressure, total pressure, and temperature of 
the system were held constant throughout a run. Generally, the Ames oxy­
desulfurization process was conducted with a 0.2 M sodium carbonate solution 
at 150°C for 1 hr. under an oxygen partial pressure of 13.6 atm. At the end 
of a run, the flow of oxygen was stopped, the system was purged with nitrogen 
and cooled rapidly by passing cold water through the cooling coil. The 
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leached coal was recovered by filtration, washed with water, dried at 95°C 
for 4 hr., weighed, and analyzed for ash content and forms of sulfur by 
ASTM procedures (4). 
Oxydesulfurization followed by higher temperature treatment 
A second treatment step was sometimes applied following the oxyde­
sulfurization step in which the contents of the reactor were heated at a 
higher temperature (above 240°C) under an inert atmosphere. In applying 
the extended treatment, at the end of the oxydesulfurization step, the 
oxygen flow was stopped and the reactor was thoroughly flushed with nitrogen 
while the temperature was raised to a higher level. The flow of nitrogen 
was interrupted when the oxygen partial pressure was essentially zero. The 
reactor was then operated in a batch mode during the second leaching step. 
When the desired temperature was reached, conditions were maintained 
constant for a specific time (usually 1 hr.). In some cases, the second 
leaching step was not carried out directly. Instead of raising the tem­
perature of the reactor immediately following the oxydesulfurization step, 
the reactor was cooled quickly and the contents were filtered. The filter 
cake was returned to the reactor with 400 ml. of fresh leaching solutions. 
The second leaching step was then carried out. 
Alkali leaching/acid washing process (AAL) 
The first step of this process was carried out in the 300 ml. autoclave. 
The experimental procedure for the AAL process was similar to that described 
in the preceding section. The alkaline leaching process was conducted in a 
batch mode under an inert atmosphere. The reaction temperature was in the 
range of 200 to 360°C (usually 250°C). For each batch, 15 g. of coal or 
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coal minerals were suspended in 120 ml. of alkaline solution. The system 
was flushed with nitrogen and a 3.40 atm. overpressure of nitrogen was 
maintained in the autoclave during the treatment. This was done to remove 
oxygen from the system. Maintenance of a nitrogen overpressure through­
out the treatment does not appear to be essential. The total pressure 
during the autoclave treatment was approximately 41.7 atm. at 250°C 
reaction temperature due mainly to the vapor pressure of water. Generally, 
the AAL process involved treating the coal with a 1.0 M sodium carbonate 
solution at 250°C for 1 hr. After this treatment, the reactor was cooled 
quickly and the coal recovered by filtration. The filter cake was washed 
with water, dried for 4 hr. in an oven at 95°C, weighed, and divided into 
two parts with a riffle splitter. One portion was analyzed for total 
sulfur and ash while the other portion was subjected to an acid washing 
step. 
The acid washing step was conducted in a stirred, three-neck Pyrex 
reaction flask. Generally, 3 g. of treated coal was mixed with 300 ml. of 
approximately 2.0 M mineral acid for 30 min. The acid washing step was 
conducted either at room temperature (25°C) or at the boiling point (100°C). 
After the acid treatment, the coal was recovered by filtration and the cake 
was washed with water, dried, weighed, and sampled for chemical analysis. 
In most cases, the acid-treated coal was washed with 600 ml. of water at 
room temperature. In some cases, an extended washing step was employed 
whereby the acid-treated coal was mixed with boiling water for 30 min., 
filtered, and then washed with more boiling water. 
To prepare super clean coal containing very little ash and sulfur, 
the AAL process was sometimes preceded by the Ames oxydesulfurization 
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process. At the end of the preoxidation step, the flow of oxygen was 
stopped and the temperature of the reactor was increased directly. The 
alkaline leaching step and the subsequent acid washing step were then 
carried out. Generally, the same leaching solution (e.g., 1.0 M sodium 
carbonate) was used for both the preoxidation step and the alkaline 
leaching step. 
Alkali leaching/magnetic separation/acid washing process (AMA) 
When a magnetic separation step was employed, it was applied to the 
coal following the alkaline leaching step and before the acid washing step. 
The same experimental procedure was used with both the low-intensity and 
the high-intensity magnetic separators. For each run, 15 g. of coal and 
120 ml. of sodium carbonate solution were leached in the 300 ml. autoclave 
as described above for the alkaline leaching step of the AAL process. 
After the alkaline treatment, the coal slurry was filtered, washed, dried, 
weighed, and sampled (2 g.) for chemical analysis. About 3 g. of the 
alkali-leached coal was washed with acid and then water as described above 
for the AAL process and the product was analyzed for total sulfur and ash. 
The remaining alkali-leached coal (approximately 8 g.) was mixed with 1.0 
liter of water and poured slowly through a magnetic separator. The coal 
slurry which passed through the separator was collected in a plastic 
bucket and recycled. This was repeated 10 times. Then 5 liters of water 
was poured through the separator to wash out any non-magnetic material that 
might have been trapped mechanically by the screen matrix. All of the 
material which had passed through or been washed from the separator was 
filtered. The filter cake was dried, weighed, and designated as 
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non-magnetic product or "tails". About 3 g. of this product was kept and 
subjected next to the acid washing step. Finally, the matrix was removed 
from the magnetic separator and washed with 5 liters of water to recover 
the magnetic material. The slurry was filtered and the filter cake was 
dried, weighed, and designated as magnetic product or "mags". Each sample 
of mags, tails, and acid-washed tails was analyzed for total sulfur and ash. 
Methods of Analysis 
Chemical 
The heating value, ash content, and sulfur distribution of the raw 
and treated coals were determined according to ASTM procedures (4) in most 
of the work of the present study. Generally, the reported analyses are 
averages of two determinations. In some other work, only ash and total 
sulfur contents were analyzed. The total sulfur content was determined 
with a Fisher Model 475 sulfur analyzer which used an amperometric 
titration technique to measure sulfur dioxide in the effluent produced by 
combustion of sulfur-bearing material. The organic sulfur content of the 
leached coal was estimated by determining the total sulfur content of the 
residue remaining after the coal was treated with dilute nitric acid (2.0 M) 
at boiling temperature for 30 min. The inorganic sulfur content was assumed 
to be the difference between the total sulfur and the organic sulfur con­
tents . 
X-ray diffraction 
The best developed and most widely used method for identifying mineral 
phases in coal is X-ray diffraction analysis. In this study, powder X-ray 
diffraction analysis was carried out with a Siemens D500 diffractometer 
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manufactured by the Siemens Company in Germany. The system uses a high 
power X-ray tube at 50 kV and 25 mA to produce X-rays from a series of 
selectable targets such as molybdenum, chromium, iron, and copper. In most 
cases, a copper target was used for this investigation. In addition, a 
graphite monochromator for copper radiation was mounted in front of the 
detector. This monochromator allowed only the copper ka radiation having 
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a wave length of 1.54 A to reach the detector, whereas the kg and 
continuous radiation of the X-ray tube as well as the fluorescence 
radiation of the specimen were suppressed. For X-ray diffraction analysis, 
the powdered sample was firmly packed in a cavity-mount and the surface 
was leveled. The loaded sample holder was then positioned in the X-ray 
beam in a rotatory sample mount (a spinner). Use of a spinner can improve 
reproducibility because it reduces the particle orientation effects and 
sampling errors. The specimen was usually scanned over a wide angular 
range from 2° to 70° (20 degree) at a 2°/min. scanning speed to ensure 
that all of the major diffraction peaks of the component minerals were 
recorded. After the X-ray pattern was obtained using a strip chart 
recorder, the minerals present were identified on the basis of their 
characteristic intense reflections which included the peak positions and 
their relative intensities. 
Microscopy 
Examination of the coal and pyrite particles before and after chemical 
leaching with a scanning electron microscope (SEM) and a reflected light 
microscope (RIM) revealed the microstructural changes which occurred. The 
SEM used for the examination was manufactured by Japan Electron Optics 
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Laboratories (Model JSM-U3) and was equipped with an energy dispersive 
X-ray analyzer manufactured by Tracor Northern Inc. (Model TN-2000). The 
RLM used for the investigation was manufactured by Olympus Corporation 
(Model BHM) . For the SEM studies, an electron beam accelerating potential 
of 25 kV was normally used for viewing the specimens. The samples were 
prepared by vacuum-depositing a coating of gold, approximately 200 A thick, 
to provide electrical conductivity during analysis. SEM photomicrographs 
revealed the qualitative changes on the exterior surface of the pyrite or 
coal particles. Partially reacted pyrite particles were mounted in 1 inch 
(25 mm.) diameter discs with epoxy resin and polished to reveal particle 
cross sections. The particles were then examined by reflected light 
microscopy and scanning electron microscopy to observe the phase trans­
formations (from pyrite to hematite or magnetite). 
Magnetic susceptibility measurements 
The Faraday method was used to measure the magnetic susceptibility 
of untreated and treated pyrite and coal. The apparatus used for suscep­
tibility measurement consisted of a digital electronic balance to weigh 
the sample, an electromagnet with pole pieces shaped to produce a homo­
geneous magnetic field of fixed intensity around the sample, and a power 
supply for the electromagnet. In actual use, a gold or platinum standard 
with a known magnetic susceptibility (Xs) was weighed using the balance 
with the magnet both on and off. The same procedure was then used on 
treated and untreated samples of coal or pyrite. The apparent mass suscep­
tibility of a sample (x) was calculated using the following formula; 
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where W and Ws are the weights of the sample and the standard, respectively, 
and AW and AWs are the changes in weight of the sample and the standard 
with the magnet on and off, respectively. The apparent susceptibility is 
given in the Gaussian system as X x 10^ emu/g. 
Calculations 
Heating value 
In most cases, the heating value of the treated coal was calculated 
from the ash-free heating value of the starting coal, as actually determined 
by the ASTM method. The basis for this calculation was chosen because 
analytical data (196) indicated that the ash-free heating value was fairly 
constant regardless of the treatment of the coal. Thus, the heating value, 
(H.V.), in magajoule per kilograms, was calculated by the following 
equation ; 
H.V. = X (100 - wt. % ash)/100. (46) 
Heating value recovery 
When the heating value of the raw and treated coal was actually 
determined by the ASTM method (not estimated from the change in ash 
content), the heating value recovery for the leaching experiments was 
calculated by employing the following equation: 
H.V. (%, - . i»» m 
Coal recovery 
The following relation was used for calculating coal recovery (in 
percent) for the one-step leaching process: 
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Coal recovery (%) wt. product (dry, ash-free) 
wt. feed (dry, ash-free) 
This relation provided a measure of coal recovery on a dry, ash-free basis. 
The overall recovery of coal for a multiple-step leaching process was 
calculated by multiplying the coal recoveries for the different steps. 
Sulfur content 
Besides the weight percent sulfur determined by the ASTM method, there 
are several ways to express the sulfur content of coal. The sulfur content 
on a dry, ash-free basis (daf) was calculated by means of the following 
relation: 
In addition, the sulfur values on a dry, mineral matter-free basis (dmmf) 
were obtained by first using the modified Parr formula to calculate the 
mineral matter (M.M.) content 
wt. % M.M. = 1.13 X (wt. % ash) + 0.47 x (wt. % pyritic sulfur) (50) 
and then employing the following equation: 
Moreover, the specific sulfur content in kilograms of sulfur per gigajoule 
was calculated as follows: 
specific sulfur content = (wt. % sulfur) x 1000/(H.V. x 100). (52) 
Finally, the total sulfur (determined as sulfate) in the filtrate from the 
acid extraction was converted to weight percent sulfur in the original dry 
coal by means of the following expression; 
wt. % sulfur (daf) = wt. % sulfur/(1-wt. % ash/100). (49) 
wt. % sulfur (dmmf) = wt. % sulfur/(l- wt. % M.M./ICO). (51) 
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wt. % sulfur = SO^ (g/&) X volume (&) x 32/96 x 100 wt. feed (g). (53) 
Sulfur and ash reductions 
The sulfur reduction (in percent) for either total sulfur, pyritic 
sulfur, or organic sulfur was calculated using the following equation: 
Sulfur reduction (%) = 
(sulfur content)r , - (sulfur content) , _ 
content) 1»» <"> 
where sulfur content could be either the specific sulfur content, the 
weight percent sulfur content, the weight percent sulfur (daf) content, or 
the weight percent sulfur (dmmf) content. Similarly, the ash reduction 
(in percent) was calculated by the following equation: 
a=h reduction (%) = x 100. (55, 
/o âSilJ - J feed 
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RESULTS AND DISCUSSION 
The main purpose of this project was to develop a scientific and 
technical basis for various alkaline leaching processes which would produce 
super clean coal with both a low ash content and a low sulfur content. This 
was accomplished by conducting an experimental investigation of alkaline 
leaching methods used in combination with various physical cleaning methods. 
The results of this work will be presented in three parts. The first part 
is concerned with the Ames oxydesulfurization process which involves 
leaching fine-size coal with a hot (150°C), dilute alkaline solution (0.2 M 
NagCOg) containing dissolved oxygen under pressure. The process has been 
shown to be effective in removing most of the inorganic sulfur and possibly 
some of the organic sulfur from coal. The second part deals with the removal 
of mineral matter from coal by a combination of alkaline leaching under non-
oxidizing conditions and acid washing. It includes the results of leaching 
the more prevalent coal minerals either individually or in coal mixtures 
with various alkalis under different conditions. Insoluble reaction products 
are characterized by X-ray diffraction analysis. The solubilization of these 
intermediate products by mineral acids also is reported. The third part 
considers magnetic separation as an adjunct to chemical cleaning since 
alkaline leaching methods tend to convert iron pyrites into more magnetic 
substances such as hematite or magnetite. Partial conversion of pyrite 
particles to magnetite could enable the removal of the partly reacted 
material at very low cost through magnetic separation. 
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Ames Oxydesulfurization Process 
Since the removal of inorganic sulfur from coal by the Ames oxyde­
sulfurization process has been studied extensively, the present investiga­
tion was concerned primarily with the possible extension of this process 
to the removal of organic sulfur from coal. At the outset, consideration 
was given to methods for analyzing organic sulfur in coal since the widely 
used method adopted by the American Society for Testing and Materials (ASTM) 
for measuring organic sulfur in raw coal did not appear to give reliable and 
consistent results for chemically treated coal. A modified ASTM procedure 
was used to assess the removal of organic sulfur from coal during chemical 
leaching. In addition, a direct instrumental method for determining organic 
sulfur in coal was used to corroborate the results of more conventional 
methods. The Ames oxydesulfurization process was modified in various ways 
to improve the removal of organic sulfur from coal. Also, the kinetics of 
organic sulfur removal from coal by oxidation and leaching in an alkaline 
solution were investigated. At the same time, various combinations of 
physical and chemical cleaning were studied in order to achieve more effec­
tive and more economical means of removing sulfur and ash-forming mineral 
matter from coal. 
Removal of organic sulfur from coal by oxydesulfurization 
In the desulfurization of coal, a portion of the coarse inorganic 
sulfur components can be removed by conventional physical beneficiation 
methods, but chemical cleaning is required to remove finely disseminated 
pyrite particles and organically bound sulfur. A promising chemical de-
sulfurization method being developed at Iowa State University involves 
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leaching fine-size coal with a hot solution of sodium carbonate containing 
dissolved oxygen under moderate pressure. The method has been shown to be 
effective for the rapid removal of most of the inorganic sulfur under 
relatively mild conditions (194). However, the removal of organic sulfur 
is difficult to assess because of the lack of an accurate, reliable method 
of analysis for organic sulfur in chemically treated coal. The routine 
ASTM procedure (4), based on the difference between total sulfur and 
inorganic (pyritic and sulfate) sulfur is an indirect method which is 
generally acceptable for the analysis of organic sulfur in raw coal. How­
ever, there may be problems in applying the method to chemically treated 
coal (35, 63). The apparent value reported for organic sulfur after 
chemical leaching may be affected by the chemical treatment. For example, 
the determination of total inorganic sulfur may not be in agreement with 
the sum of pyrite and sulfate sulfur (115). This may be due to conversion 
of sulfur- and iron-bearing minerals to forms that have altered solubil­
ities in hydrochloric or nitric acid. Since the organic sulfur is found 
by subtracting the inorganic sulfur content from the total sulfur content, 
small errors in the measured values will produce larger errors in the 
estimated organic sulfur content. 
In order to assess the removal of organic sulfur by the Ames oxyde-
sulfurization process, the fate of sulfur in coal undergoing treatment was 
followed by the ASTM procedure. In addition, the fate of iron and sulfur 
was assessed by a series of extraction experiments in which the solid 
residues and the liquid extracts were analyzed by conventional chemical 
methods. Moreover, an instrumental method which determined organic sulfur 
94 
in coal directly was used to corroborate conventional methods of analysis 
(69, 179). The instrumental method utilized an electron microbeam 
technique. 
Three high-volatile C bituminous coals, Illinois No. 6, Lovilia/ROM, 
and Lovilia/lSU were used in this investigation. Lovilia/ROM was a run-
of-mine coal, whereas Lovilia/lSU was a freshly mined coal that was sub­
sequently precleaned at the Iowa State University coal preparation plant 
by a heavy-media (magnetite) process at 1.3 specific gravity. Lovilia/ROM 
was probably oxidized during prolonged storage since it had a high sulfate 
content as shown in Table 3. These coals were treated in a 1-liter auto­
clave under conditions of the Ames oxydesulfurization process by leaching 
100 g. of coal with 400 ml. of 0.3 M sodium carbonate solution for 1 hr. 
at 150°C under 13.6 atm. oxygen partial pressure. The heating value, ash 
content, and sulfur distribution of the raw and treated coals were 
determined by ASTM methods (4). Elemental sulfur was determined by first 
extracting with cyclohexane from both raw and treated coals (196). Aliquots 
of the cylcohexane solution were then subjected to gas chromatography. Iron 
in the extracts was determined by titration with a cerium (IV) solution. 
All these results are presented in Table 3. 
The elemental sulfur content of coal is generally very low. The 
higher content of elemental sulfur (0.127%) in Lovilia/ROM coal may be 
attributed to weathering. All of the desulfurized coals listed in Table 3 
contained only trace amounts of elemental sulfur. Apparently, the Ames 
oxydesulfurization process is effective in removing elemental sulfur from 
raw coals. In addition, the total sulfur content was reduced substantially. 
The sulfate sulfur was almost completely removed, whereas the pyritic sulfur 
Table 3. Analysis of different coals before and after oxydesulfurization^ 
Coal H.V. , Ash, Fe, Sulfur content Org.S., Org.S, 
MJ/Kg wt.% wt.% Tot. Pyr. Sulf. Org. Elem. daf wt% dmmf wt% 
wt.% wt.% wt.% wt. % ppm 
Lovllla/ISU 
Raw 29.11 9.12 1.84 2.58 1.51 0.26 0.81 50.7 0.89 0.91 
Treated 25.47 12.1 1.60 1.07 0.36 0.05 0.66 0.10 0.75 0.77 
Lovilia/ROM 
Raw 22.53 25.1 3.66 4.14 2.26 0.93 0.95 1274 1.27 1.35 
Treated 20.60 27.8 3.81 1.04 0.71 0.10 0.23 1.30 0.32 0.34 
Illinois No.6 
Raw 31.18 9.50 1.76 3.68 1.22 0.53 1.93 488 2.13 2.18 
Treated 25.01 12.7 1.53 1.67 0.21 0.06 1.40 1.8 1.60 1.68 
^Results are averages of duplicate determinations by ASTM procedures. 
^daf means dry, ash-free basis. 
^dmmf means dry, mineral matter-free basis. 
content was reduced greatly. Significant reductions in organic sulfur 
were also indicated. However, the iron content did not seem to be 
affected to any large extent. The results also indicated a small decrease 
in the heating value and a slight increase in the ash content. Incorpora­
tion of sodium in the coal structure was shown previously to be responsible 
for the increase in ash content and decrease in heating value of treated 
coal (194). Although the sodium could not be removed by washing the coal 
with water, it was easily removed by washing with dilute acid. Because 
of the increase in ash content, the organic sulfur content was calculated 
on both a dry, ash-free (daf) basis and on a dry, mineral matter-free (dmmf) 
basis. The organic sulfur content, when compared on either basis, appeared 
noticeably reduced by the Ames oxydesulfurization treatment. The apparent 
reduction in organic sulfur content was approximately 15%, 75%, and 25% 
for the Lovilia/lSU, Lovilia/ROM, and Illinois No. 6 coals, respectively. 
To take into account the changes in heating value, the sulfur content was 
also calculated in terms of kilogram per gigajoule. The results are 
presented in Table 4. The reduction in total sulfur content was still 
substantial, but the reduction in organic sulfur content was much less, 
except in the case of Lovilia/ROM coal, for which it remained at about 74%. 
The raw and treated coals were subjected to several extraction 
procedures under conditions analogous to those recommended in the ASTM 
method (4) for the determination of various forms of sulfur: 
Extraction A - 25 g. of coal was extracted for 30 min. by 250 ml. 
boiling 2:3 hydrochloric acid. 
Table 4. Removal of various forms of sulfur from different coals (based on heating value) 
Coal H.V. 
recov.,%° 
Sulfur content, kg/GJ 
Tot. Pyr. Sulf. Org. 
Sulfur reduction, % ' 
Tot. Pyr. Org. 
Lovilia/ISU 
Raw 
Treated 85.9 
0.89 0.52 0.09 0.28 
0.42 0.14 0.02 0.26 52.8 73.1 7.14 
Lovilia/ROM 
Raw 
Treated 85.7 
1.84 1.00 0.41 0.42 
0.50 0.34 0.05 0.11 72.8 66.0 73.8 
Illinois No.6 
Raw 
Treated 80.2 
1.18 0.52 0.17 0.62 
0.67 0.08 0.03 0.56 43.2 84.6 9.68 
^Based on heating value (shown in Table 3) actually determined by an ASTM method. 
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Extraction B - 10 g. of the washed and dried residue from extraction 
A was extracted for an additional 30 min. by 500 ml. 
boiling 1:7 nitric acid. 
Extraction C - 10 g. of coal was extracted directly (without the 
hydrochloric acid pre-extraction) by 500 ml. boiling 
1:7 nitric acid. 
Extraction D - same as Extraction C except at room temperature, with 
stirring, for 12 hr. 
The residues from the extractions were filtered, washed, dried, and 
analyzed for ash and total sulfur. The liquid extracts were analyzed for 
iron by spectrophotometry using ferrozine (178) and for total sulfur (as 
sulfate) by ion chromatography after separation of the sulfate from nitrate 
on an alumina column (58). These results, together with the weight of the 
samples before and after extraction, are presented in Table 5. Extraction 
A was identical to the ASTM procedure for extracting sulfate sulfur and 
non-pyritic iron with hydrochloric acid. The sulfur remaining in the 
residue should have been the sum of pyritic and organic sulfur. When the 
residue from extraction A was subjected to extraction B, the iron content 
of the extract should have corresponded to the iron (pyritic) content 
determined by the ASTM procedure. The sulfur in the extract should have 
equaled the pyritic sulfur plus any organic sulfur which may have been 
decomposed by the nitric acid treatment. The sulfur in the residue should 
have been the remaining organic sulfur. Extraction C was a one-step extrac­
tion of the original coal, and the residue should have been the same as 
that left after extraction B. The iron and sulfur content of the extract 
from C should have been equal to the sum of the iron and sulfur recovered 
Table 5. Extraction of raw and treated coals with 2;3 hydrochloric acid and/or 1;7 nitric acid 
a b 
Acid Weight, g. Dry residue analysis, wt. % Liq. ext. analysis , wt. % 
extraction Start Resld. Ash Tot. S Tot. S (daf) Tot. S Fe 
of coal 
Lovllia/ISU raw coal 9 .12^ 2 .58= 2 .84= — — 
A 24. ,70 23 .90 5 .33 2, .26 2, 39 0 .21 0 .33 
B 10. 00 10, .56 2, 76 0, .76 0, .78 1, .39 1, .27 
C 9. 88 10, .24 2, .62 0, 76 0, .78 1 .89 1, .65 
D 9. 88 10 ,42 3, .35 0, .95 0. ,98 1, .76 1, .66 
Lovllia/ISU treated coal 12, .03^ 1, ,07= 1, ,22= — — 
A 25. 00 22, .70 3, .95 1, 10 1. ,15 0, .05 1, 24 
B 10. 00 10, .45 3, .20 0, 77 0, 80 0, .28 0. ,23 
C 10. 00 9, ,56 3, .50 0, 77 0, 80 0, .33 1, 42 
D 10. 00 9. 73 5. ,26 1. 01 1. ,07 0, ,06 0, .29 
Lovllla/ROM raw coal 25, ,11= 4, ,14= 5. 53= — — 
A 23. 01 20. ,51 19. 02 3. ,32 4. ,10 0. 94 1. 28 
B 10. 00 10. ,53 13, 01 0. ,87 1. 00 2. 71 2. 23 
C 9 . 20 8. ,57 12, .76 0. 84 0. 96 3. 51 3. 42 
D 9. 20 8. ,64 15. ,70 1. 13 1. 34 3. 29 3. 09 
Lovllla/ROM treated coal 27. ,78= 1. .04= 1. .44= — — 
A 25. 00 22. 30 17. 01 1. ,08 1. 30 0, ,13 3. ,08 
B 10. 00 10. 31 15, .08 0. 63 0. .74 0. ,43 0. ,48 
C 10. 00 9. ,04 16. 08 0. 62 0. 74 0. ,54 3. 38 
D 10. 00 9. 34 20. 11 0. 98 1. 22 0. 09 0. ,80 
Illinois No. 6 raw coal 9.50^ 3,68^ 4,07^ — —  
A 23.59 22.57 7.61 3.03 3.28 0.48 0,47 
B 10.00 10.89 4.39 1.53 1.60 1.37 0.94 
C 9.43 10,08 4.84 1.53 1.61 1.85 1.46 
D 9.43 9.80 5.82 1.84 1.95 1.55 1.39 
Illinois No. 6 treated coal 12.66^ 1.67^ 1.91^ — 
A 25.00 23,36 6.48 1.71 1.83 0.05 1.29 
B 10.00 10.46 5.46 1.46 1.54 0.23 0.12 
C 10.00 9.67 6.06 1.48 1.58 0.24 1.20 
D 10.00 9.87 7.51 1.64 1.77 0.06 0.22 
= Extraction with boiling HCl; B = extraction of residue from A with boiling HNO^; 
C = extraction with boiling HNO^ only; D = extraction with HNOg only, but at room temperature. 
^Expressed in weight percent based on original dry coal. 
'^Selected data for original, unextracted coal. 
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in the extracts from A and B. Since an alternate ASTM procedure permits 
overnight extraction at room temperature, extraction D was also performed 
for comparison. 
Several observations can be made about the data in Table 5. In most 
cases, the sulfur content of the extract produced by extraction A agreed 
well with the sulfate content of the coal determined by the ASTM procedure 
(see Table 3). There was also fair agreement between either the iron or 
sulfur content of extract C and the sum of either the iron or sulfur 
content of extracts A and B. This implies that the hot one-step extraction 
with nitric acid was equivalent to a two-step extraction, first with hydro­
chloric acid and then with nitric acid. In most cases, the total sulfur 
content of residue C and of residue B were in excellent agreement and seemed 
to confirm this. The total sulfur content of residue C for the raw coal 
was very nearly the same as that of residue C for the treated coal in the 
case of Lovilia/lSU and Illinois No, 6 coals. Thus, it appeared that the 
organic sulfur content of these two coals was not affected by the Ames 
oxydesulfurization process. As for the Lovilia/ROM coals, the total sulfur 
content of residue C was slightly less for the treated coal than for the 
raw coal which indicated that part of the organic sulfur was removed. How­
ever, the total sulfur content of residues B and C may not have been a 
true measure of the organic sulfur content of the original coal. First of 
all, some labile organic sulfur compounds may have been extracted by the 
hot nitric acid (4). Then, changes in the content and properties of the 
ash-forming mineral matter because of reaction with acid affect the accuracy 
of any comparisons involving the original ash content. Finally, the organic 
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matrix itself may be changed significiantly by the nitric acid treatment 
(61, 150). 
Extraction with cold nitric acid generally produced different results. 
In most cases, the total sulfur content of residue D was higher when cold 
nitric acid was employed than when boiling nitric acid was used. This 
result may have been caused by incomplete extraction of the inorganic 
sulfur or by less extraction, if any, of the organic sulfur, The ash 
content of the residue remaining after extraction with cold nitric acid 
was higher generally than the ash content of the residue remaining after 
extraction with hot nitric acid. The difference in results achieved 
between hot and cold nitric acid was greatest in the case of treated 
coals. This difference may point to a considerable change in the mineral 
phases during chemical desulfurization. If any of the iron- and sulfur-
containing minerals were changed, they could respond differently to 
extraction by acids. If the cold extraction procedure is used in the 
ASTM analysis, some of the pyritic iron may not be extracted from the 
treated coals, but all of the pyritic iron would still be extracted from 
the raw coals. Therefore, the organic sulfur content of the treated coal 
would be reported higher than the actual value. 
Table 6 presents the changes in the content of nitrogen and of iron 
in raw and in treated coals brought about by extraction with boiling 
nitric acid. Nitrogen was determined by modified Kjeldahl method (4). 
In the coal samples which had not been extracted with nitric acid, the 
nitrogen content seemed to be unaffected and the iron content only 
slightly affected by the chemical desulfurization treatment. However, 
Table 6. Nitrogen and iron content in raw and in treated coals before and after extraction with 
nitric acid 
Coal Extraction^ Ash, N,^ Fe,^ 
wt.% wt.% wt.% 
Lovilia/ISU raw no 9. 12 1 .31 1 .84 
Lovilia/ISU treated no 12. 03 1, .43 1 .60 
Lovilia/ISU raw yes 2. 62 4, .63 0 .10 
Lovilia/ISU treated yes 3. 50 3, 73 0, .10 
Lovllia/ROM raw no 25 .11 1, 15 3. ,66 
Lovllia/ROM treated no 27 .78 1. ,17 3. 81 
Lovllia/ROM raw yes 12 .76 3. 74 0. ,02 
Lovllia/ROM treated yes 16 .08 3. ,43 0. 45 
Illinois No. 6 raw no 9 .50 0, ,82 1. ,76 
Illinois No. 6 treated no 12 .66 0. 93 1. ,53 
Illinois No. 6 raw yes 4 .84 4. 26 0. 03 
Illinois No. 6 treated yes 6 .06 3. 66 0. 10 
^Extraction with boiling 1:7 HNO^ for 30 min. 
^Determined by Kjeldahl method. 
^In unextracted coals, iron was determined by titration. In acid-extracted residues, iron was 
determined spectrophotometrically. 
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extraction of the raw coals with boiling nitric acid increased the 
nitrogen content by 3-4 fold. The increase was slightly less for the 
treated coals. This substantial take up of nitrogen may account for the 
increased weight of the residue (see Table 5), even though the ash content 
was greatly reduced. At the present time, it is not known in what form 
the nitrogen is incorporated, but the presence of nitrogroups (-NO^) seems 
plausible (52). The iron content of acid-extracted residues was generally 
0.10% or less. The one notable exception was Lovilia/ROM coal which had 
been treated and then extracted; it had a significantly higher content of 
iron. This may have been related to the somewhat higher pyritic sulfur 
content of this sample (see Table 3), as determined by the ASTM procedure. 
The data presented in Table 7 were obtained by energy-dispersive X-ray 
analysis using an electron microprobe (69, 179). The method is based on 
electron microbeam point analysis on a maceral level (in this case, 
vitrinite). Empirical correlations have shown that the organic sulfur 
content of the vitrinite maceral type alone is an index of the overall 
organic sulfur content of a coal (179). The emitted characteristic 
X-ray fluorescence radiation is used to quantify sulfur. Other elements 
of interest, such as iron and calcium are monitored simultaneously to 
ensure that only the organic sulfur component is characterized. The 
measured values were corrected for atomic number, absorbance, and 
fluorescence effects (ZAP corrections). In most cases, two point analyses 
were obtained on 12 particles, and the data from the 24 measurements were 
treated statistically for comparison. Analysis of variance was used to 
determine the variation within and among particles, and then a t-test was 
applied to set up confidence intervals centered around the sample means 
Table 7. Electron microprobe analysis on organic macérai (vitrinite) level of raw and leached coals 
and of residues after extraction by HCl and HNO^^ 
Coal or residue ASTM Sulfur, wt.% Probe S,^ wt.% Probe Fe,^ Probe Ca,^ 
No. after acid extn. Tot. Org. Org. dry dmmf wt.% wt.% 
(dry) (dry) (dmraf ) 
1 Lovilia/ISU raw 2.58 0.81 0.91 0.74 0.83±0.15 0.13+0.10 0.09±0.07 
2 Lovilia/ISU treated 1.07 0.66 0.77 0.59 0.68+0.08 0.11+0.06 0.94+0.45 
3 Lovilia/ROM raw 4.14 0.95 1.35 0.68 0.96+0.12 0.14+0.06 0.08±0.05 
4 Lovilia/ROM treated 1.04 0.23 0.34 0.51 0.74±0.22 0.16+0.10 1.81±0.96 
5 Illinois No. 6 raw 3.68 1.93 2.18 1.79 2.01+0.20 0.10±0.06 0.05±0.06 
6 Illinois No. 6 treated 1.67 1.40 1.65 1.29 1.50±0.22 0.11+0.06 0.20±0.09 
7 Residue of #1 0.76 0.78^ 0.78 0.80 0.82±0.16 0.11±0.04 0.24±0.35 
8 Residue of #2 0.77 0.76^ 0.80 0.68 0.70±0.23 0.45+0.55 0.49+0.63 
9 Residue of #3 0.87 0.82^ 1.02 0.62 0.73±0.19 0.61±0.52 1.12±0.91 
10 Residue of #4 0.63 0.63^ 0.76 0.54 0.65±0.15 0.30+0.18 0.59±0.93 
11 Residue of #5 1.53 1.49^ 1.61 1.33 1.40±0.13 0.12+0.07 0.11+0.20 
12 Residue of #6 1.46 1.45^ 1.56 1.55 1.65+0.23 0.34±0.13 0.05±0.06 
^Acid extraction by boiling 30 min. with 2:3 HCl followed by boiling 30 min. with 1:7 HNOg. 
^Probe values are statistical averages of 24 data points for each sample. These values are 
reported as a confidence internal at the 95% level about the observed average value. In this study, 
the probe values are expressed as sample mean ± 2.069 x (standard deviation). Further details are 
given in reference 179. Most of the microprobe work was done by W. E. Straszheim at the Ames 
Laboratory, Iowa State University. 
^Organic sulfur is assumed to equal total sulfur in acid residue. 
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for single samples and for comparison between samples. Generally, a band 
of +2 (standard deviation) is taken as the confidence interval at the 95% 
level, A complete discussion of the data manipulations used in estimating 
sample variance and establishing confidence interval is given in the M.S. 
thesis by W. E. Straszheim (179). 
Analyses for organic sulfur by the direct microprobe technique and 
conventional ASTM method are presented in Table 7 for the coals subjected 
to oxydesulfurization and acid extraction. The organic sulfur levels were 
compared on a dry, mineral matter-free basis to avoid effects due to 
changes in the mineral matter content with processing (61). Good agree­
ment was found between results of the two techniques for samples of 
Lovilia/lSU and Illinois No. 6 coals. Only samples 3, 4, and 9 for Lovilia/ 
ROM coal appear to differ significantly. The ASTM analysis for sample 4 
indicates substantial desulfurization in comparison with the raw coal, 
sample 3. The microprobe analysis only showed a 23% reduction of organic 
sulfur content, whereas the ASTM result indicated 75% removal. This 
discrepancy appears due to much more than experimental error. Examination 
of the pyritic sulfur levels for sample 4 and the other oxydesulfurized 
coals, samples 2 and 6, appears to indicate an error in the ASTM technique. 
A possible explanation of the error is that the iron oxide (hematite) 
reaction product was not completely extracted by the hydrochloric acid in 
the ASTM procedure (72). The residual iron would have inflated the pyritic 
sulfur value and which would have reduced the reported organic sulfur 
content. 
The organic sulfur levels were also compared between sample pairs 
subjected to oxydesulfurization and acid extraction as noted in Table 8. 
Table 8. Comparison of the removal of organic sulfur from coal determined by both ASTM and micro-
probe analysis^ 
Sample 
pair^ 
Coal 
& treatment 
ASTM 
org. S 
dmmf wt. % 
Probe 
org. S ^ 
dmmf wt. % 
1-2 Lovilia/lSU 
(raw-treated) 
0.14 0.15 ± 0.16 
3-4 Lovilia/ROM 
(raw-treated) 
1.01 0.24 ± 0.24 
5-6 Illinois No. 6 
(raw-treated) 
0.53 0.50 ± 0.30 
7-8 Lovilia/lSU 
(extracted only — 
treated & extracted) 
-0.02 0.12 ± 0.28 
9-10 Lovilia/ROM 
(extracted only — 
treated & extracted) 
0.26 0.08 ± 0.23 
11-12 Illinois No. 6 
(extracted only — 
treated & extracted) 
0.05 -0.25 ± 0.25 
1-7 Lovilia/lSU 
(raw-extracted) 
0.13 0.01 ± 0.22 
2-8 Lovilia/lSU 
(treated only — 
treated & extracted) 
-0.03 -0.02 ± 0.24 
3-9 Lovilia/ROM 0.33 0.23+0.22 
(raw-extracted) 
4-10 Lovilia/ROM -0.42 0.09 ± 0.25 
(treated only — 
treated and extracted) 
5-11 Illinois No. 6 0.57 0.61 ± 0.24 
(raw-extracted) 
6-12 Illinois No. 6 0.09 -0.14 ± 0.31 
(treated only — 
treated & extracted) 
^This table is cited from M.S. thesis by W. E. Straszheim (179). 
^See Table 7 for sample identification. 
"^The probe values are expressed as a confidence interval about the observed differences in 
sample means at the 95% level. 
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Organic sulfur removal from six sample pairs (1-2, 3-4, 5-6, 7-8, 9-10, 
and 11-12) is due to the oxydesulfurization treatment, whereas organic 
sulfur removal from the other six sample pairs (1-7, 2-8, 3-9, 4-10, 5-11, 
and 6-12) is the result of the hydrochloric and nitric acid leaching 
treatment. Both analyses indicate removal of organic sulfur due to the 
Ames oxydesulfurization process for all three coals, especially for 
Illinois No. 6 coal. The agreement between the ASTM (dmmf) values and 
the microprobe values is good for sample pairs 1-2 and 5-6. For sample 
pair 3-4, the ASTM value shows a substantial reduction in organic sulfur, 
whereas the microprobe value only shows a minor reduction. On the other 
hand, comparison of the three sample pairs (7-8, 9-10, and 11-12) subjected 
to the acid extraction after the oxydesulfurization process does not 
indicate any significant difference in sulfur level between leached and 
unleached coals. However, the extraction with hydrochloric acid and then 
nitric acid does appear to effect a significant removal of organic sulfur 
for two of the raw coals (see sample pairs 3-9 and 5-11). None of the 
coals subjected to the oxydesulfurization process showed further removal 
of sulfur upon acid extraction (see sample pairs 2-8, 4-10, and 8-12). 
All the information obtained may indicate the existence of two forms 
of organic sulfur in coal. A certain fraction of organic sulfur appears 
to be subject to removal by either the oxydesulfurization process or nitric 
acid extraction. But since a combination of the two techniques produced no 
further desulfurization there appears to be a second form of organic sulfur 
not amenable to such cleaning techniques. Recently, Warzinski et al. (193) 
studied the oxidative desulfurization of coal and sulfur-containing model 
compounds using air and water at temperature ranging from 150°C to 200°C. 
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They concluded that the efficiency of organic sulfur removal varies from 
coal to coal and probably depends on the nature and distribution of the 
organic sulfur in coal. Moreover, they indicated the occurrence of 
organic sulfur is in at least two different chemical forms, one more 
amenable to oxydesulfurization than the other. Experiments with sulfur-
containing model species indicated that benzothiophenic type sulfur is 
reactive under air/water oxydesulfurization conditions, whereas dibenzo-
thiophenic sulfur is stable. Attar and Dupuis (10) indicated that organic 
sulfur can be divided into thiolic type sulfur which can be easily removed 
from coal and other types of sulfur which are difficult to remove. More 
recent work on model organosulfur compounds by Chang e^ al, (36) showed 
that thiophenols and disulfides are the only groups oxidized at sulfur 
under the Ames oxydesulfurization conditions. Furthermore, sulfides 
including thiophenes are not oxidized at sulfur, whereas reactive sulfides 
are oxidized at reactive carbon-hydrogen bonds. 
The calcium data (in Table 7) for the residues from acid extraction 
do not provide any significant correlation. However, the calcium data for 
the raw and treated coals point to an unusual correlation. Coals which 
had been oxydesulfurized in sodium carbonate solutions tended to pick up 
calcium and this calcium was found to be associated with the organic matrix. 
For example, at the 95% confidence level, the percent calcium content was 
higher by 0.85, 1.73, and 0.15 for samples 2, 4, and 6, respectively, 
than for samples 1, 3, and 5, respectively. A possible explanation is that 
the oxydesulfurization treatment frees calcium from the inorganic calcium-
bearing minerals (such as calcite and gypsum) in the coal, and a significant 
amount of this calcium is subsequently deposited in the vitrinite. It is 
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not known how the calcium is associated with the organic matrix, although 
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presumably it could be an ion exchange phenomenon in which Ca ions are 
chelated by carboxylic, phenolic, or other groups. 
The electron microprobe data for iron (in Table 7) on the organic 
maceral level were also quite variable. In general, however, there 
appeared to be no significant difference in the iron content between 
samples 1 and 2, 3 and 4, or 5 and 6. This is reasonable since the oxy-
desulfurization procedure converts insoluble iron pyrite to insoluble 
hematite (39). The iron content of the residues from the acid extractions, 
on the other hand, seemed to be slightly higher than for the corresponding 
unextracted samples. The iron may have been present in finely dispersed 
microcrystalline phases (70). Although the scatter in the data was 
substantial, there was a suggestion, at least for the Lovilia/ISU and the 
Illinois No. 6 coals, that more iron was present in the acid extracted 
residues from the treated coals (samples 8 and 12) than in the acid 
extracted residues from the raw coals (samples 7 and 11), This implies 
that the organic sulfur levels of the treated coals may have been actually 
lower than the values indicated by the ASTM procedures. Because some of 
the pyritic sulfur was not extracted from the treated coal, the organic 
sulfur content of the treated coal would be reported higher than the actual 
value. Although the organic structure of coal itself may be changed by the 
chemical leaching treatment (61), it is not clear how changing the organic 
structure will affect the leaching of pyrite by nitric acid. 
In summary, a detailed evaluation of the removal of organic sulfur 
from three different coals subjected to the Ames oxydesulfurization process 
was performed by both routine and modified ASTM procedures (indirect 
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determination). The results differed depending on the method chosen for 
comparing the organic sulfur levels of the raw and treated coals. On the 
basis of ASTM analyses, significant reductions in organic sulfur were 
achieved for Lovilia/lSU and Illinois No. 6 coals and a very large reduc­
tion for Lovilia/ROM coal. These reductions held regardless of the manner 
(dry, dry ash-free, or dry mineral matter-free) of expressing the organic 
sulfur content. The decrease in the organic sulfur content of the 
Lovilia/ROM coal was corroborated by a series of extraction experiments 
employing modified ASTM procedures and other methods of analysis for sulfur 
and iron. The removal of organic sulfur from the other two coals was not 
confirmed by similar extraction experiments. However, the different extrac­
tion procedures pointed to possible changes in the mineral components and 
in the organic matrix itself of the coals subjected to oxydesulfurization. 
Such changes can affect the analytical results obtained by ASTM procedures. 
Another method of assessing the organic sulfur content of coal involved 
the use of the electron microprobe. A significant reduction in the organic 
sulfur content was demonstrated, at the 95% confidence level, for Lovilia/ 
ISU and Illinois No. 6 coals but not for the Lovilia/ROM coal. These results 
are in contrast to the conclusions drawn on the basis of the wet chemical 
analyses described above. 
Thus, the difficulties in evaluating the removal of organic sulfur from 
coal are not only due to differences in coal characteristics, sample hetero­
geneity, and variation in treatment conditions, but also to problems of 
analysis which are especially likely with coals that have been altered by 
the chemical treatment. This points to a need for a method of determining 
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organic sulfur that is direct, applicable to raw as well as chemically 
treated coals, and employable on a routine basis. 
In addition, there seem to be two types of organic sulfur in coal, 
one removable by chemical means and another which resists chemical attack. 
The first type may include functional groups such as thiols, mercaptans, 
and disulfides which are fairly reactive, whereas the second type may 
include sulfides and thiophenics which are more stable. The nature of 
organic sulfur functionality may be related to coal rank so that it may 
be more difficult to remove organic sulfur from high rank coals than from 
low rank coals. 
Modification of the Ames oxydesulfurization process 
The Ames oxydesulfurization process has been studied for several years 
at Iowa State University by Chuang et al. (39). and Stephenson et al. (176). 
These workers demonstrated that pyrite is converted to insoluble hematite 
and various soluble sulfur species under the Ames process conditions. The 
reactions by which organic sulfur groups are removed from coal by this 
process have not been well-established. However, the removal of organic 
sulfur by this type of process has been hypothesized as a two-step process 
involving initial oxidation at sulfur to produce sulfoxides, sulfones and 
sulfonic acids (8, 36, 169). This step is then thought to be followed by 
a thermal and, in the Ames process base assisted, extrusion of SO^. The 
general form of the reactions may be written as 
Step I. Oxidation 
R 
(56) 
R' R' 
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Step II. Desulfurization 
R R 
Ncn heat and/or. < 
—bSiS I I (hydrocarbons) + S0_. (57) R' 
In this formulation, the initial oxidation at sulfur facilitates desulfuriza­
tion by polarizing and weakening the carbon to sulfur bond. It is important 
to realize that the sulfur is not extruded from the organosulfur moiety 
until the second step. Thus, complete conversion of the organic sulfide in 
step I does not constitute desulfurization. 
Previous results have shown that the removal of organic sulfur from 
coal varies from coal to coal but may reach 40% in some cases by the one-
step Ames oxydesulfurization process (38). In order to remove additional 
organic sulfur from coal, a modification of the Ames oxydesulfurization 
process was studied in a further series of experiments. The modification 
involved adding a second leaching step, in which the same alkaline coal 
slurry from the first leaching step was raised to a higher temperature 
(240°C) under a nitrogen atmosphere to decompose any oxidized organic 
sulfur compounds. By removing all oxygen from the system, it was hoped 
that the coal heating value would not be affected by the second leaching 
step. The results of applying the one- and two-step Ames oxydesulfurization 
leaching process to Western Kentucky No. 11 coal are shown in Table 9. 
The organic sulfur content was determined by the regular ASTM procedure 
(4). It can be seen that both the one- and two-step processes removed most 
of the pyritic sulfur and part of the organic sulfur from the coal, but 
the ash content of alkali-leached coal was increased significantly. In 
addition, the effect of different process conditions on the removal of 
Table 9. Results of one- and two-step leaching of Western Kentucky No. 11 coal 
Leaching 
a 
steps 
Alkali 
type 
Ash, 
Wt. % Sulf. 
Sulfur content 
Pyr. 
, kg/GJ 
Org. Tot. 
Coal 
recov., % 
Untreated 9.01 0.02 0.49 0.69 1.20 — — 
I Na^CO^ 15.5 0.02 0.12 0.53 0.67 90.2 
I^ NagCOg 17.5 0.03 0.10 0.53 0.66 76.3 
I NaHCO^ 15.3 0.02 0.11 0.52 0.65 92.6 
I^ NaHCO^ 17.5 0.02 0.09 0.52 0.63 80.3 
H
 
H
 
H
 
NagCOg 14.8 0.02 0.12 0.52 0.66 81.0 
I & 11^ Na^COg 15.2 0.03 0.10 0.52 0.65 81.0 
I & 11*^ Na^CO^ 17.6 0.02 0.12 0.52 0.66 77.7 
I & II NaHCO^ 14.7 0.02 0.10 0.52 0.64 82.6 
I & 11^ NaHCO^ 14.9 0.02 0.11 0.51 0.64 82.4 
I & 11*^ NaHCO^ 15.0 0.03 0.11 0.50 0.64 81.1 
^Step I; 40 g. coal (-74 ym.) leached with 400 ml. of 0.2 M Na_CO„ or 0.4 M NaHCO„ solution at 
~ 3 ~ 
150°C for 1 hr. under 13.6 atm. oxygen pressure and gas flow rate of 11.8 cm /s. 
Step II; Reactor contents from step I were leached directly for 1 hr. at 240°C under 3.4 atm. 
nitrogen in a closed system, 
^Coal slurry was treated under the same conditions for 2 hr. instead of 1 hr. 
^The second leaching step was carried out under 3.4 atm. air instead of nitrogen. 
'^Coal filtered, washed, and mixed with fresh leachant before step II. 
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sulfur from Western Kentucky No, 11 coal was not pronounced. Under all 
conditions, the pyritic and organic sulfur levels were consistently reduced 
to about 0.09-0.12 and 0.49-0.53 Kg/GJ, respectively. For the single-step 
leaching process, sulfur removal was not improved by prolonging the 
residence time from 1 hr. to 2 hr., but coal recovery on a dry, ash-free 
basis was significantly reduced. Furthermore, the two-step leaching 
process did not remove more sulfur from coal than did the one-step process, 
but reduced the recovery of organic material significantly. In other words, 
the removal of organic sulfur from coal was not improved by adding a 
second leaching step conducted at higher temperature while a greater loss 
in organic matter was observed. Moreover, initially charging the reactor 
with air instead of nitrogen for the second leaching step did not improve 
sulfur reduction. In some instances, the second leaching step was not 
carried out directly following the oxydesulfurization step. On the other 
hand, the reactor was cooled and the coal slurry was filtered. The filter 
cake was washed with water and returned to the reactor with fresh alkaline 
solutions. The second leaching step was then performed at the desired 
temperature. The results indicated that no beneficial effect was realized 
from this approach. Also» no difference was observed between the results 
of leaching with sodium carbonate solutions and those of leaching with 
sodium bicarbonate solutions. 
In another set of experiments, the effects of more intensive washing 
and prolonged contacting of the coal or filter cake with fresh alkaline 
solution at room temperature before the first step or between the two 
leaching steps of the two-step Ames oxydesulfurization process were 
investigated in detail. Illinois No. 6 coal was used in this study. The 
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process conditions and results are presented in Table 10. From the experi­
mental results, it appeared that intensive washing of the filter cake from 
the first step and presoaking with fresh leach solution overnight before 
the first step or between the two steps did not produce a significant 
increase in the removal of sulfur. The total amount of sulfur removed from 
the coal appeared to be fairly constant in the range of 50% to 56% under 
various conditions of either the one- or two-step leaching processes. Two-
step leaching seemed to remove slightly more organic sulfur than one-step 
leaching. But, the recovery of organic matter for the two-step leaching 
process was somewhat lower. In all cases, the total sulfur content of the 
leached coal was slightly less than the organic sulfur content of the 
original coal, which indicates at least partial removal of organic sulfur. 
Additional leaching experiments were performed on Illinois No. 6 and 
Lovilia/ROM coals to check the possible advantage of using a second, acidic 
leaching step after the initial alkaline leaching step. The hypothesis 
was that the acid at high temperature might decompose additional organic 
sulfur compounds left from the first leaching step. The results of these 
experiments are presented in Tables 11 and 12, When the alkaline slurry 
from the first step was filtered and the filter cake was washed, dried, 
mixed with fresh 0.2 M sulfuric acid solution and reheated to the desired 
temperature, neither the total sulfur content nor the organic sulfur 
content were reduced over that of the first step. Although acidic leaching 
conditions completed the removal of pyritic sulfur, it is interesting to 
note that the total sulfur content of alkali-leached coal (from the one-
step leaching) was significantly raised by sulfuric acid leaching in the 
second step. Back reactions between sulfate ions and the coal matrix or 
Table 10. Results of one- and two-step leaching of Illinois No. 6 coal soaked overnight with 0.6 M 
NaHCOg 
Leaching 
steps 
Overnight 
soaking 
Sulfur content, Kg/GJ Coal Fresh Ash _ 
leachant wt.% Sulf. Pyr. Org. Tot. recov.,% 
Untreated 9.50 0.17 0.39 0.62 1.18 — —  
b No — —  9.68 0.05 0.31 0.61 0.97 98.8 
I No 14.9 0.02 0.07 0.47 0.56 92.7 
Yes No 15.3 0.04 0.05 0.50 0.59 88,4 
I Yes Yes 16.5 0.04 0.06 0.46 0.56 89.2 
I No — 
&II — —  — 15.4 0.01 0.12 0.42 0.55 86.4 
I Yes No 
&II — — 14.9 0.03 0.09 0.40 0.52 87.8 
I No — 
H
 
H
 r>
 
No — 15.1 0.03 0.14 0.37 0.54 80.2 
No — 
H
 
H
 O 
Yes No 15.8 0.04 0.08 0.43 0.55 78.8 
I Yes Yes 
H
 
H
 O
 
No — —  15.7 0.04 0.10 0.40 0.54 78.6 
Step I: 60 g. coal (-74 ym.) leached with 400 ml. of 0.6 M NaHCO„ solution at 150°C for 1 hr 
3 
under 13.6 atm. oxygen pressure and gas flow rate of 11.8 cm /s. 
Step II: Reactor contents from Step I were leached directly for 1 hr. at 240°C under 3.4 atm. 
nitrogen in a closed system. 
^Coal slurry was leached at room temperature (28°C) instead of 150°C for 1 hr. 
"^Coal filtered, washed, and mixed with fresh leachant before Step II. 
Table 11. Results of two-step leaching of Illinois No. 6 coal with acidic leachant in the second step 
Leaching Acid Ash, Sulfur content, kg/GJ 
steps type wt. % Suif. Pyr, Org. Total 
Untreated 9.50 0.17 0.39 0.62 1.18 
I 12.0 0.02 0.10 0.44 0.56 
& II 0.2 M H^SO^ 7.65 0.03 0.00 0.60 0.63 
I. 13.2 0.02 0.14 0.40 0.56 
& II 0.2 M H^SO^ 7.59 0.03 0.02 0.59 0.64 
I 13.8 0.00 0.07 0.49 0.56 
& II 10% HgSO^ 17.9 0.29 0.15 1.32 1.76 
H
 H
 
H
 
H
 0.1 M H^PO^ 10.9 0,01 0.05 0.51 0.57 
& II 10% H^PO^ 19.6 0.04 0.01 0.50 0.55 
Step I: 60 g. coal (-74 ym.) leached with 400 ml. of 0.2 M Na„CO solution at 150 C for 1 hr. 
3 ^ 
under 13.6 atm. oxygen pressure and gas flow rate of 11.8 cm /s. 
Step II: Reactor contents from Step I were filtered, washed with water, and mixed with acidic 
leachant before Step II. Then the coal slurry was leached at 240°C for 1 hr. under 3.4 atm. nitrogen 
in a closed system. 
^Coal slurry was treated under 3.4 atm. air instead of nitrogen in the second leaching step. 
Table 12. Results of two-step leaching of Lovilia/ROM cpal with acidic leach^nt in the second step 
Leaching Acid Ash, Sulfur content, kg/GJ 
a 
steps 
type wt. % Sulf. Pyr. Org. Tot. 
Untreated 25.1 0.41 1.00 0.42 1.83 
I 26.6 0.05 0.33 0.04 0.42 
& II 0,2 M HgSO^ 22.9 0.47 0.16 0.40 1.03 
25.3 0.09 0.28 0.03 0.40 
& II 0.2 M H„SO, 23.5 0.58 0.11 0.32 1.01 
— 2 4 
I 
& II 0.1 M H^PO^ 28.3 0.01 0.23 0.13 0.37 
I 
& II 10% H^PO^ 29.4 0.04 0.14 0.19 0.37 
Step I: 60 g. coal (-74 ym.) leached with 400 ml. of 0.2 M Na„CO„ solution at 150 C for 1 hr. 
3 
under 13.6 atm. oxygen pressure and gas flow rate of 11.8 cm /s. 
Step II; Reactor contents from Step I were filtered, washed with water, and mixed with acidic 
leachant before Step II. Then the coal slurry was leached at 240°C for 1 hr. under 3.4 atm. nitrogen 
in a closed system. 
^Coal slurry was treated under 3,4 atm. air Instead of nitrogen in the second leaching step. 
122 
the coal mineral matter appeared to occur when alkali-leached coal was 
treated with sulfuric acid. The results of investigating this phenomenon 
are reported in more detail in the later section. Furthermore, no 
beneficial effect was observed on either coal when air instead of nitrogen 
was used in the second leaching step. On the other hand, the ash content 
of alkali-leached coal was decreased by leaching with 0.2 M sulfuric acid 
in the second step. When the sulfuric acid concentration was increased 
to 10%, significant corrosion of the autoclave liner occurred. Also, the 
sulfur content of the acid-leached coal increased tremendously. In the 
runs which used phosphoric acid in the second step, the reduction in total 
sulfur content and organic sulfur content of the alkali-leached coals was 
not improved significantly. Thus, increasing the acid concentration of 
the leachant used in the second step did not favor the removal of organic 
or other forms of sulfur from alkali-leached coal. The total sulfur reduc­
tion was 52% for Illinois No. 6 coal and 80% for Lovilia/ROM coal. More­
over, the ash content was not reduced by the second step when phosphoric 
acid was employed. 
In another series of experiments, a neutral leachant (water) was used 
in the second step instead of acid. It was desirable to check the effect 
of a neutral leachant in the second step following the first alkaline 
leaching step. It should be pointed out that the intially neutral leachant 
consisting only of water became acidic during the leaching process because 
of the sulfuric acid produced by the pyrite oxidation. The results 
obtained from two separate runs using different treatment temperatures in 
the second step are shown in Table 13. With the addition of a second 
leaching step under weakly acidic conditions, the reduction in total 
Table 13. Results of two-step leaching of Illinois No. 6 coal with water in the second step 
Leaching 
steps^ 
Properties 
alkaline 
of coal after 
leaching 
Properties 
subsequent 
of coal after 
acid treatment^ 
Ash, 
wt.% 
Total S 
daf wt.% 
Total S 
red.,% 
Coal 
recov.,% 
Ash, 
wt.% 
Total S, 
daf wt.% 
Untreated 9.50 4.07 — —  4.78 1.59 
I 12.6 1.74 57.2 94.0 6.12 1.45 
I & II 11.3 1.71 58.0 91.2 6.85 1.42 
I & II"^ 10.8 1.63 60.0 80.4 5.34 1.38 
^Step I: 75 g. coal (-74pm.) leached with 400 ml. of 0.2 M Na^CO^ solution at 150®C for 1 hr. 
under 13.6 atm. oxygen pressure and gas flow rate of 11.8 cm^/S. 
Step II: Reactor contents from step I were filtered, washed with water, and mixed with fresh 
water before step II. Then the coal slurry was leached at 250°C for 1 hr. under 3.4 atm. nitrogen in 
a closed system. 
^3 g. alkali-leached coal mixed with 300 ml. of 2.0 M HNO^ at boiling temperature 30 min. 
^Coal slurry was treated at 300°C instead of 250°C in the second leaching step. 
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sulfur content and reduction in organic sulfur content were not improved 
significantly over the one-step experiments. When the temperature of 
the second step was raised from 250°C to 300°C, the reduction in total 
sulfur content and organic sulfur content may have increased slightly, but 
coal recovery declined from 91% to 80%. Thus, the relatively small 
advantage gained in sulfur removal was offset by an increased loss in 
heating value. In this study, the organic sulfur content of coal was 
estimated by analyzing the total sulfur content of the residue remaining 
after the coal was leached with 2.0 M. nitric acid at boiling temperature 
for 30 min. using 100 ml. acid/g. coal. 
Neither the basic nor the acidic treatment used in the second leaching 
step increased the removal of organic sulfur from coal which had been 
exposed to alkaline oxydesulfurization in the first step. The ineffective­
ness of the second step may have been due to the incomplete conversion of 
the organic sulfur species to sulfoxides and sulfones in the first step 
of the Ames oxydesulfurization process. Based on a study with model 
organosulfur compounds, Squires (169) concluded that only thiols, 
disulfides, and benzylic sulfides are converted to sulfoxides or sulfones 
under the one-step Ames oxydesulfurization conditions, whereas thiophenes 
and sulfides remain intact. In order to assess the possibility of coal 
acting as a catalyst for oxydesulfurization reactions, several model 
organosulfur compounds were subjected to one-step Ames oxydesulfurization 
conditions in the presence of coal. The results confirmed that simple 
sulfides and dibenzothiophene, the principal functional groups expected 
in coal, are inert to oxidation under the one-step Ames oxydesulfurization 
conditions. In order to improve the effectiveness of organic sulfur removal 
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in the second high-temperature leaching step, a higher conversion of 
organic sulfides to oxidized products has to be achieved in the first step 
of the Ames oxydesulfurization process. Therefore, a specific reagent, 
which can facilitate the selective oxidation of the organic sulfur groups, 
is necessary to remove organic sulfur from coal by the Ames oxydesulfuriza­
tion process, 
Kinetics of organic sulfur removal 
Due to the lack of a suitable direct method for determining the organic 
sulfur content of chemically treated coal, coals containing small amounts 
of inorganic sulfur but relatively large amounts of organic sulfur appeared 
to be appropriate materials for studying the kinetics of organic sulfur 
removal by oxydesulfurization. In the beginning, such coals were sought 
from natural sources. If natural coals were unavailable, such coals could 
be prepared by applying various physical or chemical cleaning processes 
to high sulfur containing coals to remove much of the inorganic sulfur 
while leaving the organic sulfur largely intact. This would allow the 
alkaline oxydesulfurization method to be directed towards removal of the 
organic sulfur and of the more difficult pyritic sulfur. . 
Firstly, two high-volatile A bituminous coals (PSOC 267 and PSOC 270) 
containing mainly organic sulfur, as described by the Pennsylvania State 
Coal Data Bank (PSOC), were obtained. The Pennsylvania State analysis of 
the sulfur distribution shown in Table 14 was performed on fresh samples 
(196), which were then sealed in containers for storage until requested by 
various investigators. The samples used in this investigation were several 
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Table 14. Comparison of sulfur distributions determined at Pennsylvania 
State and Iowa State 
Coal 
Sulfur content, wt. Sulfur content, wt. 
Tot. Sulf. Pyr. Org. Tot. Sulf. Pyr. Org. 
PSOC 267 2,00 0.42 0.90 0.68 1.96 0.05 0,02 1.89 
PSOC 270 2.55 0.53 0.99 1.03 2.34 0.04 0.02 2.28 
^Ames Laboratory analysis (average of duplicate determinations on a 
dry basis). 
^Pennsylvania State analysis; Coal Data Base Processor: Version 4.9 
(Feb. 1977) and Version 5.0 (Feb, 1978). 
years old. The samples were reanalyzed at the Ames Laboratory and the 
results are also shown in Table 14. 
In viewing the results in Table 14, it is obvious that large 
discrepancies appear between the sulfur distributions. The analysis at the 
Ames Laboratory showing high sulfate values compared to those determined at 
Pennsylvania State indicate severe oxidation of both coals. Although 
these two coals were not the appropriate materials for studying the kinetics 
of organic sulfur removal by oxydesulfurization, a few runs were made to 
demonstrate the Ames oxydesulfurization process. The results are presented 
in Table 15. The data show that the total sulfur reduction was 64% for 
PSOC 267 coal and 53% for PSOC 270 coal with the one-step leaching process. 
No more sulfur was removed in 2 hr. than in 1 hr, of leaching, but coal 
recovery was slightly lower after 2 hr. The two-step leaching method did 
not reduce the total sulfur content any further than the one-step method. 
In addition, no difference was observed between the results achieved with 
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Table 15. Results of one- and two-step leaching of PSOC 267 and PSOC 270 
coals 
Leaching Alkali Ash, Total S, Coal 
. a type wt. % daf wt. % recov., % 
steps 
PSOC 267 coal 
Untreated 6.34 2.00 — 
I 
b 
Na^COg 6.60 0.72 96,8 
Na2C03 7.18 0.71 93.7 
I NaHCO„ 6.43 0.72 98.5 
b 3 
NaHCO^ 6.84 0.71 97.0 
I & II Na^CO^ 7.28 0,74 96.0 
I & II NaHCO^ 7.35 0.72 94.2 
PSOC 270 coal 
Untreated 13.3 2.55 — —  
I Na„CO- 13.9 1.21 95.4 
2 3 
I^ NagCO^ 14.3 1.12 95,2 
I NaHCO, 13.6 1.19 96.1 
l" 
3 
NaHCO^ 14.3 1.09 95,3 
I & II Na^COg 16.2 1.25 91.9 
I & II NaHCOg 16.5 1.27 92.6 
^Step I: 40 g. coal (-74 ym.) leached with 400 ml. of 0.2 M Na^COg 
or 0.4 M NaHCOo solution at 150°C for 1 hr. under 13.6 atm. oxygen pressure 
3 
and gas flow rate of 11.8 cm /s. 
Step II; Reactor contents from Step I were leached directly for 1 hr. 
at 240°C under 3.4 atm, nitrogen in a closed system, 
^Coal slurry was treated under the same conditions for 2 hr. instead 
of 1 hr. 
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sodium carbonate or sodium bicarbonate. It is interesting to note that 
the coal recovery was very high (above 92%) even with the two-step 
leaching process, which probably reflects a relatively high coal rank. 
Since coals containing only organic sulfur were not available from 
natural sources, several cleaning methods such as oil agglomeration, the 
Dow process, float/sink separation, and nitric acid leaching were used 
to prepare coals containing a low pyritic sulfur content but relatively 
high organic sulfur content. Three raw coals, Pittsburgh No, 8, Illinois 
No. 6, and Western Kentucky No. 11 coals were precleaned and then 
subjected to chemical leaching at different temperatures and oxygen 
pressures for various residence times. 
The first set of experiments was performed using an oil agglomeration 
method where the hydrophobic coal particles were selectively coated and 
agglomerated by fuel oil to separate them from the hydrophilic mineral 
particles (106). Before applying the oil agglomeration method, the raw 
coal was crushed, pulverized and ball-milled for 12 hr. to insure that 
over 99% of the coal was reduced to -74 pm. size. The ground coal was then 
dried in a vacuum oven overnight. For each agglomeration run, 50 g. of 
coal was suspended in 500 ml. of water containing 2 wt. % sodium carbonate 
and then pretreated by air oxidation at 80°C for 15 min. After pretreat-
ment, the slurry was cooled and transferred to a kitchen blender where the 
suspension was agitated vigorously. When 5 ml. of No. 200 LLS fuel oil 
was added, agitation was continued for 5 min. to agglomerate the coal 
particles. Agglomerates produced in the blender were recovered by pouring 
the suspension through a No. 140 U.S. Standard sieve. The wet 
agglomerates were then returned to the blender with 400 ml. of water 
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containing 2 wt. % sodium carbonate and agitated for another 5 min. 
Finally, the suspension was poured back onto the same screen to recover 
the agglomerates which were subsequently dried and extracted with hexane 
to remove the oil. Approximately 85% of the Pittsburgh No. 8 coal was 
recovered during precleaning. Results of oil agglomerating the Pittsburgh 
No. 8 coal are presented in Table 16 which show that the reduction in total 
sulfur content was 40% and in ash content was 70%. By applying the mod­
ified ASTM method (the acid treatment) to determine the sulfur distribution 
of the precleaned Pittsburgh No, 8 coal, the data indicate that the inorganic 
sulfur content was reduced by 63% but none of the organic sulfur was removed 
by the oil agglomeration treatment. In this study, the organic sulfur 
content of coal was estimated by analyzing the total sulfur content of the 
residue remaining after the coal was leached with dilute nitric acid (2.0 
M) at boiling temperature for 30 min. Since nitric acid leaching may 
dissolve a small amount of organic sulfur from coal, the sulfur distribu­
tion analysis mentioned above is not a reliable measure of organic sulfur 
for the alkali-treated coal. However, the estimated organic sulfur content 
can be useH for comparison. 
Table 16 also shows the results of subjecting precleaned Pittsburgh 
No. 8 coal to various chemical leaching processes. Little difference in 
the reduction of the total sulfur and ash contents was observed between 
the different one- and two-step leaching conditions. The total sulfur 
level was consistently reduced to about 2.40 wt. % while the ash content 
was reduced to between 9 and 12 wt. %. The two-step leaching method did 
not increase the removal of sulfur and reduced the recovery of coal 
significantly. The results in Table 16 show that the Ames oxydesulfurization 
Table 16. Results of leaching raw and precleaned Pittsburgh No, 8 coals 
Coal Leaching Alkai Properties of coal after Properties of coal after 
a b type alkaline leaching subsequent acid treatment*^ type steps 
Ash, Total S , Coal , Ash Total S, 
wt. % daf wt. % recov,, % wt. % daf wt. % 
Raw Untreated 37.1 6.55 26.7 2.31 
Raw I NagCO^ 36.4 2.44 98.9 26.4 2.07 
Precld. Untreated 10.7 3,85 3.36 2.31 
Precld. I NagCOg 10.2 2.38 95.0 3.81 1.94 
Precld. I NaHCO^ 9.16 2.40 98.8 3.91 2.02 
Precld. I^ NagCOg 10.6 2.37 91.2 4.05 2.00 
Precld. I & II NaHCO^ 12.3 2.42 88.2 2.99 1.99 
Precld. I & II 11.5 2.42 85.1 3.66 2.01 
^Some of coal (-38 iim.) precleaned by the oil-agglomeration method. 
^Step I: 40 g. coal (-74 ym.) leached with 400 ml. of 0,2 M Na^CO^ or 0.4 M NaHCO^ solution at 
150°C for 1 hr. under 13.6 atm. oxygen pressure and gas flow rate of 11.8 cm^/s. 
Step II: Reactor contents from Step I were leached directly for 1 hr. at 240°C under 3.4 atm. 
nitrogen in a closed system. 
^3 g. alkali-leached coal mixed with 300 ml. of 2.0 M HNO^ at boiling temperature for 30 min. 
^Coal recovery (on a dry, ash-free basis) is for chemical leaching step alone (not including 
physical precleaning). 
^Coal slurry was leached under the same conditions for 2 hr. instead of 1 hr. 
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process alone reduced the total sulfur content of raw Pittsburgh No. 8 
coal more than did the oil agglomeration method. This advantage was 
probably due to the additional removal of finely disseminated pyrite 
particles and a portion of the organic sulfur from coal by the Ames 
oxydesulfurization process. However, the ash content was not lowered by 
the Ames oxydesulfurization process. Through the combined physical and 
chemical cleaning process, a substantial part of the ash-forming mineral 
matter and almost all the inorganic sulfur were removed from the Pittsburgh 
No. 8 coal. The effectiveness of combining physical cleaning with chemical 
leaching was further demonstrated in the next series of experiments. 
To study the parameters which might affect organic sulfur removal, 
precleaned coal was leached with 0.2 M sodium carbonate solution at 
different temperatures (200, 220, and 240°C) for different residence times 
(10 and 30 min.) under 6.80 atm. ojQrgen partial pressure in a 1-liter 
autoclave. Because of the higher reaction temperatures used in the chemical 
leaching experiments, shorter residence times were used to avoid excessive 
coal losses due to oxidation. The results of this series of experiments 
are presented in Table 17. Absolute trends are difficult to establish 
from these data, since any difference in organic sulfur removal due to 
different conditions was very small. At the same time, the removal of 
organic sulfur was difficult to assess because of the inadequacy of avail­
able methods for chemical analysis. However, in general the reduction in 
total sulfur content and organic sulfur content increased with increasing 
residence time and reaction temperature, while the recovery of organic 
matter declined. 
Table 17. Effect of reaction temperature and residence time on the removal of organic sulfur from 
precleaned Pittsburgh No, 8 coal 
Coal 
a 
type 
Leaching ^ 
conditions 
Properties of coal after 
leaching 
alkaline Properties 
subsequent 
of coal after 
acid treatment 
Temp., 
°C 
Time, 
min. 
Ash, 
wt. % 
Total S, 
daf wt. % 
Total S, 
redue., / 
J Coal . 
r recov., % 
Ash, 
wt. % 
Total S, 
daf wt. % 
Raw Untreated 37,1 6.55 — — — — 26,73 2.31 
Precld. Untreated 10.2 3.88 40,8 3.36 2.31 
Precld. 200 10 10.7 2.89 55.9 95.4 2.73 1.99 
Precld. 200 30 14.8 2.61 60.2 85.8 3.15 1.95 
Precld. 200 10 11.4 2.87 56.2 94.6 2.55 1.98 
Precld. 220 30 17.4 2,43 62.9 76.7 2.84 1.94 
Precld. 240 10 10.3 2.82 56.9 93.3 2.06 1,97 
^Some of coal (-38 pm.) precleaned by the oil-agglomeration method. 
^40 g. precleaned coal leached with 400 ml, of 0.2 M Na_CO- solution under 6.80 atm. oxygen 
3 ^ partial pressure and gas flow rate of 11.8 cm /s. 
*^3 g. alkali-leached coal mixed with 300 ml. of 2.0 M HNO^ at boiling temperature for 30 rain. 
^Coal recovery (on a dry, ash-free basis) is for chemical leaching step alone (not including 
physical precleaning). 
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Another set of experiments was performed using the Dow process instead 
of the oil agglomeration method to prepare precleaned coals. The Dow 
process as proposed by Dow Chemical Company is a solvent partitioning method 
for separating coal and ash-forming minerals (157). To demonstrate the 
Dow process, 100 g. of coal and 500 ml. of water were first mixed and 
agitated in a blender for 1 min. Then 150 ml. perchloroethylene was added 
to the slurry which was blended for another 1 min. and allowed to settle 
into an aqueous layer containing the hydrophilic minerals on top and an 
organic layer containing coal on the bottom. After removing the aqueous 
layer by a siphoning technique, an additional 500 ml. of water was added 
and blended for 1 min. The aqueous layer was removed again. The coal-
perchloroethylene slurry was washed in this manner five times altogether. 
Finally, the coal-perchloroethylene layer left in the bottom of the 
blender was filtered. The filter cake was dried, weighed, and collected 
as the precleaned coal. Approximately 90% of the Illinois No. 6 coal and 
84% of the Pittsburgh No. 8 coal were recovered during precleaning. These 
values are expressed on a dry, ash-free basis. The precleaned coals were 
then subjected to leaching experiments. The results of these experiments 
are shown in Table 18, Compared to the results of the oil agglomeration 
method, one can see that the Dow process was able to remove slightly more 
ash-forming minerals but less inorganic sulfur from the two coals. With 
the Dow process the inorganic sulfur content of Illinois No, 6 coal and 
Pittsburgh No. 8 coal was reduced about 40% and 58%, respectively. The 
results of combining the Dow process and chemical leaching indicated an 
overall reduction in total sulfur content of 50 to 60% for Illinois No. 6 
coal and 55 to 63% for Pittsburgh No. 8 coal. Generally, the reduction in 
Table 18. Effect of various alkaline leaching conditions on the removal of organic sulfur from 
coals precleaned with the Dow process 
Coal Leaching Leaching Properties of coal after Properties of coal after ^ 
type a conditions alkaline leaching subsequent acid treatment 
s eps Time, Temp., Ash Total S, Coal Ash, Total S, 
hr. °C wt. % daf wt. % recov., wt. % daf wt. % 
Illinois No. 6 coal (-74 um.) 
Raw Untreated - 9.50 4.07 — 4.88 1.71 
Precld. Untreated - — —  4.10 3.18 — 2.24 1.60 
Precld. I 1 150 15.3 1.92 87.5 2.53 1.45 
Precld. I 2 150 15.7 1.74 72.3 3.32 1.52 
Precld. I 1 200 14.8 1.75 69.5 2.33 1.44 
Precld. I 2 200 16.2 1.36 51.3 3.54 1.20 
Precld. II 1 300 8.04 2.03 78.8 0.58 1.54 
Precld. II 2 300 7.72 1.64 81.9 0.52 1.51 
Precld. I & II 27.2 1.85 79.2 
Pittsburgh 1 No. 8 coal (-38 um.) 
Raw Untreated - — —  37.1 6.55 — 29.6 2.63 
Precld. Untreated - 8.96 4.28 — 4.49 2.29 
Precld. I 1 150 12,8 2.41 90.4 5.48 1.98 
Precld. II 1 300 16.1 2.93 73.5 2.95 2.11 
^Coal was treated by either the first leaching step only or the second leaching step only 
or a combination of the two leaching steps: 
Step I: 40 g. precleaned coal leached with 400 ml. of 0.4 M Na CO. solution under 13.6 atm. 
3 
oxygen pressure and gas flow rate of 11.8 cm /s. 
Step II: 15 g. precleaned coal leached with 120 ml. 1,0 M Na^COg solution under 3.4 atm. 
nitrogen in a closed system. 
Step I & II: Reactor contents from Step I (150°C, 1 hr.) were leached directly in the second 
step (250°C, 1 hr.). 
^3 g. alkali-leached coal mixed with 300 ml. of 2.0 M HNO^ at boiling temperature for 30 min. 
"^Coal recovery (on a dry, ash-free basis) is for chemical leaching step alone (not including 
physical precleaning). 
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total sulfur content of precleaned Illinois No. 6 coal increased notice­
ably with increasing leaching time and temperature. A final product with 
a very low ash content (0.52%) was obtained when precleaned Illinois No, 6 
was leached at high temperature (300°C) under nitrogen and then treated 
with boiling nitric acid. Since much of the inorganic sulfur was left in 
either of the coals precleaned by the Dow process, they did not seem 
appropriate for studying the kinetics of organic sulfur removal by oxyde-
sulfurization. 
The Dow process appeared to remove a large portion of the ash-forming 
minerals from coal, but did not remove much pyrite. To improve the 
efficiency of pyrite removal from coal, the Dow process was preceded by 
float/sink separation in the next set of experiments. It was hoped that 
combination of float/sink separation and the Dow process would produce 
coal low both in ash and inorganic sulfur. For this series of experiments, 
Certigrave which had a specific gravity of 1,30 at 68°F was used as the 
dense medium for float/sink separation. For each run, 50 g. of coal was 
added to a separatory funnel filled with 200 ml. of Certigrave, The mixture 
was agitated vigorously for 1 min. and then allowed to settle until a 
noticeable separation was observed. The material floating on the top of 
the dense medium was removed by vacuum siphoning and then subjected to the 
Dow process. The results of combining the float/sink separation with the 
Dow process are shown in Table 19. Although a larger percentage of ash 
and inorganic sulfur was removed by the combined physical separation process 
as compared to the Dow process alone, it was at the expense of more than 
90% loss in yield of combustible material. Due to the low yield of pre­
cleaned coal, only two leaching experiments were carried out in this series. 
Table 19. Effect of two leaching conditions on the removal of organic sulfur from precleaned 
Illinois No. 6 coal 
Coal 
type^ 
Leaching 
conditions 
Properties of coal after 
alkaline leaching 
Properties 
subsequent 
of coal after ^ 
acid treatment 
Ash, 
wt. % 
Total S, 
daf wt. % 
Coal 
Oi C 
recov., % 
Ash, 
wt. % 
Total S, 
daf wt. % 
Raw Untreated 9.50 4.07 — —  4.88 1.71 
Precld. Untreated 2.27 2.48 — —  1.58 1.52 
Precld. Oxygen 12.6 1.67 76.4 1.70 1.35 
Precld. Nitrogen® 5.33 1.89 91,6 0,32 1.49 
^Some of coal (-74 vim.) precleaned by the combined float/sink separation and the Dow process. 
^3 g. alkali-leached coal mixed with 300 ml. of 2.0 M HNO^ at boiling temperature for 30 min. 
^Coal recovery (on a dry, ash-free basis) is for chemical leaching step alone (not including 
physical precleaning). 
^40 g. precleaned coal leached with 400 ml. of 0.2 M NagCOg at 185°C for 1 hr, under 6.80 atm. 
oxygen pressure and gas flow rate of 11.8 cm^/s. 
^12 g. precleaned coal leached with 120 ml. of 1.0 M NagCO^ at 300°C for 1 hr. under 3.40 atm. 
nitrogen in a closed system. 
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The results indicated that the Ames oxydesulfurization process appeared 
to remove some organic sulfur from precleaned coal, whereas the high-
temperature alkaline leaching treatment (under a nitrogen atmosphere) did 
not seem to remove any organic sulfur. It should be noted that a super 
clean coal containing only 0.32% ash was produced by leaching the pre­
cleaned coal with 1.0 M sodium carbonate solution for 1 hr. at 300°C 
followed by acid treatment. This two-step process for removing ash-
forming impurities from coal is discussed in greater detail in the next 
section. 
The results of removing inorganic sulfur from coal by various physical 
cleaning methods were not as good as expected. This was probably due to 
a significant portion of the pyrite being finely disseminated throughout 
the coal and poorly liberated. Since the physical cleaning methods were 
not effective in removing the microcrystalline pyrite from coal, nitric 
acid leaching, a chemical cleaning method, was utilized in the next set 
of experiments. 
According to the ASTM method (4), inorganic sulfur can be removed 
completely from pulverized coal by leaching with dilute nitric acid (2.0 
M) at boiling temperature for 30 min. Three coals, Illinois No, 6, 
Pittsburgh No. 8, and Western Kentucky No. 11, were precleaned by nitric 
acid leaching and then subjected to alkaline leaching experiments. The 
data in Table 20 show that the alkaline leaching step by itself did not 
reduce the total sulfur content of the acid-precleaned coals. The final 
total sulfur content (i.e., "organic sulfur") remained at 1.50 - 1,60%, 
1,73% and 2.26% for Illinois No. 6, Western Kentucky No, 11, and Pittsburgh 
No. 8 coal, respectively. However, the total sulfur content of the three 
Table 20. Effect of various alkaline leaching conditions on the removal of organic sulfur from 
coals precleaned with boiling nitric acid 
Coal 
type 
Alkali 
concen., 
M Ash, 
wt. % 
Properties of coal after 
alkaline leaching 
Total S, 
daf wt. % 
Coal 
recov., 
Properties of coal after ^ 
subsequent acid treatment 
Ash, Total S, 
wt. % daf wt. % 
Illinois No. 6 coal (-74 wm.) 
Raw Untreated 9.50 
Precld. 0.2 20.1 
Precld. 
Precld. 
0.4 
1.0^ 
26.6  
16.2 
4.07 
1.60 
1.57 
1.50 
66.7 
60.4 
41.7 
4.78 
7.84 
8.84 
0.90 
1.59 
1.32 
1.40 
1.30 
Western Kentucky No. 11 coal (-74 urn.) 
Raw Untreated 9.01 3.91 
Precld. 0.4 13.9 1.73 41.9 
5.50 
2.70 
1.77 
1.39 
Pittsburgh No. 8 coal (-38 um.) 
Raw Untreated 37.1 6.55 
Precld. 0.4 47.4 2.26 51.3 
29.2 
35.8 
2.27 
1.91 
40 g. precleaned coal leached with 400 ml. of Na„CO„ solution at 150 C for 1 hr. under 13.6 atm. 
3 
oxygen pressure and gas flow rate of 11.8 cm /s. 
^3 g. alkali-leached coal mixed with 300 ml. of 2.0 M HNO^ at boiling temperature for 30 min. 
^Coal recovery (on a dry, ash-free basis) is for chemical leaching step alone (not including 
acid precleaning). 
*^15 g. precleaned coal leached with 120 ml. of NagCO^ solution at 300°C for 1 hr. under 3.40 atm. 
nitrogen in a closed system. 
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coals was reduced about 20% when the alkali-leached coals were further 
leached with nitric acid. In other words, the alkaline leaching step at 
least rendered some of the remaining sulfur responsive to the following 
nitric acid extraction. Since the nitric acid leaching prior to the 
alkaline treatment would nitrate the coal, it might change the coal 
structure (150) and promote the removal of organic sulfur by oxydesulfuriza-
tion. In addition, the recovery of organic matter for precleaned Illinois 
No. 6 coal subjected to various chemical leaching treatments was surpris­
ingly low. The recovery was 60% for the Ames oxydesulfurization process 
and 42% for the high-temperature alkaline leaching process (under nitrogen). 
It appears that the acid-leached coal was easily oxidized and/or dissolved 
by the subsequent alkaline leaching process. Thus, the nitric acid pre-
treatment is not a suitable way to prepare coal for a study of the kinetics 
of organic sulfur removal by oxydesulfurization. 
Since various attempts to remove inorganic sulfur were not very 
successful, some of the data from Chuang's dissertation (38) were re­
analyzed which related to the kinetics of organic sulfur removal from coal 
by oxydesulfurization. The data presented in Table 21 were obtained by 
leaching precleaned Childers (Iowa) coal (-74 pm.) with a 0,2 M sodium 
carbonate solution at different partial pressures (3,4, 6.8 and 10.2 atm.), 
different temperatures (120, 150, 180, and 200°C), and different reaction 
times (0.5, 1.0, and 2.0 hr.) in a 1-liter autoclave. Childers coal was 
first precleaned by float/sink separation in a magnetite suspension (1.29 
specific gravity) and then cleaned further by froth flotation, using 
methyl isobutyl carbinol as the frother. The precleaned Childers coal 
Table 21. The effect of various leaching conditions on the removal of organic sulfur from precleaned 
Childers coal (from Chuang (38)) 
Leaching conditions^ Ash, Sulfur content, kg/GJ Org. S Coal 
Temp. 
OC 
, Time, 
hr. 
Og pres., 
atra. 
<
 
rt
 
Pyr. Sulf, Org. Tot, redn., % recov. 
Precleaned coal 4.4 0.34 0.04 1.33 1.71 — 
120 0,5 3.4 8.1 0.09 0.03 1.29 1.41 3.0 94.9 
120 1.0 3.4 8.5 0.07 0.04 1.28 1.39 3.9 94.2 
120 2.0 3.4 9.0 0.11 0.02 1.27 1.40 4.2 93.8 
120 0.5 6.8 8.0 0.11 0.02 1.26 1.39 5.5 95.2 
120 1.0 6.8 8.3 0.08 0.05 1.27 1,40 4.2 94.5 
120 2.0 6.8 8.8 0.09 0.04 1.25 1.38 5.8 91.5 
120 0.5 10.2 8.0 0.09 0.02 1.28 1.39 3.9 95.7 
120 1.0 10.2 8.2 0.13 0.04 1.22 1.39 8.1 94.1 
120 2.0 10.2 8.9 0.12 0.03 1.24 1.39 6.5 93,7 
180 0.5 3.4 12.3 0.09 0.05 1.21 1.35 8.7 83,5 
180 1.0 3.4 11.7 0.11 0.05 1.07 1.23 19.7 57.5 
180 2.0 3.4 12,7 0.09 0.09 0.97 1.15 26.9 59.6 
180 0.5 6,8 11.5 0.13 0.03 1.18 1.34 11.3 85.9 
180 1.0 6.8 13.2 0.10 0.05 1.12 1.27 15.9 77.3 
180 2.0 6.8 11,2 0.10 0.03 0.89 1,02 32.7 44.3 
180 0.5 10.2 12.1 0.14 0.04 1,16 1.34 12.3 84.5 
180 1.0 10.2 11.9 0.15 0.05 1.06 1.26 20.1 64.3 
180 2,0 10.2 12.9 0.10 0.08 0.83 1.01 37.2 58.1 
200 0.5 3.4 13.1 0.18 0.02 1.19 1.39 10.4 82.5 
200 1.0 3.4 14.5 0.12 0.08 1.00 1.20 24.9 69.8 
200 2.0 3.4 13.4 0.18 0.03 0,62 0.83 53.4 39.4 
200 0.5 6.8 13.9 0.16 0.04 0.86 1.06 35,6 73.1 
200 1.0 6,8 13.1 0.15 0.05 0.85 1.05 36.3 47.0 
200 2.0 6.8 17.4 0.25 0.04 0.36 0.65 72.8 21.2 
200 0.5 10.2 13.0 0.21 0.05 0.99 1.25 25.2 61.7 
200 1.0 10.2 13.5 0.20 0.07 0.71 0.98 46.6 46.8 
200 2.0 10.2 22.2 0.28 0.21 0.03 0.52 97.7 6.9 
^40 g. preclean coal leached with 400 ml. of 0,2^ NagCO^ solutions under oxygen pressure. 
^Coal recovery (on a dry, ash-free basis) is for chemical leaching step alone (not including 
physical precleaning), 
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had a low pyritic sulfur content (1.02 wt. %) and relative high organic 
sulfur content (4.04 wt. %). It seemed to be an appropriate material for 
studying the kinetics of organic sulfur removal. 
Figures 5 through 7 show the percent organic sulfur removed as a 
function of time for various temperatures and oxygen partial pressures. 
Some of the scatter in the data was probably due to the lack of a completely 
reliable method for analyzing organic sulfur in coal. The apparent organic 
sulfur content reported in this work was determined by subtracting the 
inorganic sulfur content from the total sulfur content of the treated coal 
according to the ASTM procedure (4). The data presented in these diagrams 
indicate that the removal of organic sulfur from Childers coal follows 
zero-order kinetics with respect to organic sulfur concentration. It is 
interesting to compare the kinetics of organic sulfur removal obtained in 
this study with the data reported earlier by other investigators (92, 94, 
102, 160), For oxydesulfurization of Upper Freeport coal in acidic 
solution, Siagle et (160) also found that the rate of organic sulfur 
removal was zero order with respect to organic sulfur concentration for 
temperatures between 150 and 210°C. On the other hand, second-order 
kinetics were observed for the removal of organic sulfur from Minshall 
(Indiana) coal by Lagonik et al. (102). Their experimental data were 
taken in the temperature range of 190-230°C using an acidic solution under 
oxygen pressure. Recently, Joshi and Shah (92) claimed that the removal 
of organic sulfur in an alkaline solution followed first-order kinetics 
with respect to removable organic sulfur (not total organic sulfur) for 
Lower Freeport coal in which the functional organic sulfur groups had been 
analyzed. The distribution of four functional groups was: aliphatic 
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Figure 7. Zero-order kinetics for organic sulfur removal at oxygen 
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thiols (27.3 wt. %), thiophenols (13,3 wt. %), aliphatic sulphides (5.2 
wt. %), and condensed thiophenes (54.1 wt. %). Joshi and Shah assumed 
that the removal of condensed thiophene was difficult, thus the initial 
concentration of the removable organic sulfur was considered to be 45.9% 
of the total organic sulfur. The data obtained in their work were analyzed 
on this basis. Because of the difference in organic functional groups 
present in different coals, the kinetics of organic sulfur removal are 
not expected to be the same for different coals. More experimental data 
on the distribution of organosulfur functional groups in coals are needed 
to confirm the mechanism and kinetics of organic sulfur removal by oxida­
tion. 
The effect of the partial pressure of oxygen on the extent of organic 
sulfur removal is shown in Figure 8. The linear regression analysis 
indicated the dependence of the rate of sulfur removal on the partial 
pressure of oxygen. At 120°C this dependence was 0,39, at 180°C it was 
0.18, and at 120°C it was 0.55. These results indicate that the order 
with respect to oxygen partial pressure is approximately one half, as shown 
in Figure 9, but further experimental work is necessary for the confirmation 
of the dependence on oxygen partial pressure. Lagonik e;t al. (102) indicated 
that the rate of organic sulfur removal is first order with respect to the 
partial pressure of oxygen in the temperature range 190-210°C, while a 
second order seems to prevail at the higher temperature of 230°C, On the 
other hand, Joshi and Shah (92) indicated that the removal of the "remov­
able" organic sulfur was independent pf the pxygen partial pressure at 
150°C in an alkaline solution. 
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In summary, the experimental data on organic sulfur removal from 
physically precleaned coal, which contained a relatively high proportion 
of organic sulfur, by the Ames oxydesulfurization process at temperatures 
ranging from 120°C to 180°C were found to correlate well by the pseudo-
zero-order rate equation which implied that 
dCg 1/2 
i f = ^  
where K is the rate constant whose value depends upon both temperature and 
partial pressure of oxygen. An integration of above equation gives 
X = (K/Cg^) t = t (59) 
where X is the fraction conversion of organic sulfur and C is the initial 
so 
concentration of organic sulfur in coal. 
An Arrhenius plot for the rate constants k is shown in Figure 10 for 
Chuang's data. From this plot, the frequency factor for the reaction was 
estimated to be approximately 0.1271 (kg. of organic sulfur)/ (kg. of coal) 
1/2 (sec.)(atm.) , and the activation energy was found to be approximately 
43.85 X 10^ J/kmole (10.48 cal/kmole) as compared to values of the activa­
tion energy found by Siagle et al. (78.9 x 10^ J/kmole), fay Lagonik et al. 
(75 X 10^ J/kmole), and by Joshi and Shah (30 x 10^ J/kmole). The 
discrepancy in activation energy obtained by several investigators could 
be due to the differences in experimental conditions, especially for the 
different leachant used in the study. Joshi ^ t (93) indicated that 
the rate of organic sulfur removal increases with an increase in pH of the 
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aqueous medium. Based on the information obtained so far, the complete 
rate expression for organic sulfur removal may be written as; 
-~ = 0.1271 X exp (-43.85 x 10^/RT) x (60) 
where -dC^/dt = (kg. of organic sulfur)/ (kg. of coal)(sec.) . 
This series of experiments also showed that organic sulfur removal 
was improved by increases in oxygen partial pressure, reaction temperature 
or residence time. However, the improvement in organic sulfur removal 
was at the expense of a lower recovery of organic matter. For example, 
organic sulfur removal was 98% at extreme conditions (200°C, 10.2 atm, 0^, 
2 hr.) but the recovery of coal was only 7%. Thus, the removal of organic 
sulfur from coal under severe oxydesulfurization conditions destroyed the 
organic structure of the coal. From model compound studies. Squires et al. 
(170) indicated that reactive carbon-hydrogen bonds in functional groups 
not containing organic sulfur also react under the conditions of the Ames 
oxydesulfurization process. In other words, conditions which accelerate 
the oxidative cleavage of carbon-sulfur bonds also increase the rate of 
degradation of the hydrocarbon matrix. As a consequence, more efficient 
removal of organic sulfur without severe degradation of the coal is not 
possible under present process conditions. Since the organic sulfur atoms 
are chemically bound to carbon and thus are an integral part of the 
organic coal matrix, highly selective chemical reagents will be required 
to remove organic sulfur without chemically and thermally degrading the 
coal itself. 
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The Dissolution of Mineral Matter 
The results shown in the previous section indicate that the Ames 
oxydesulfurization process can remove a large portion of the inorganic 
sulfur and some organic sulfur from some kinds of coal, but the process 
increases the ash content of the coal. In order to produce super clean 
coal with both low ash and low sulfur contents, further treatment is 
necessary. Work directed towards the removal of ash-forming mineral matter 
from coal is described below. This work was designed to develop a basic 
understanding of methods which could be used to produce super clean coal. 
Such coal could be incorporated in coal-water and coal-oil fuel mixtures 
for utilization in boilers designed for oil firing, providing the ash 
content of the coal is about 1% or less. 
Previous work has shown that ash-forming mineral matter including 
iron pyrites can be removed from coal by leaching fine-size coal with a 
hot caustic solution under pressure followed by washing with a dilute 
mineral acid (43, 45, 151, 173). Similar results were also achieved at 
Iowa State University by leaching fine-size coal with a hot, dilute 
sodium carbonate solution. The process of combining an alkaline leaching 
step under non-oxidizing conditions with a subsequent acid washing step was 
first demonstrated and called the alkali leaching/acid washing (AAL) 
process by Chi (37). Since sodium carbonate is readily available, low in 
cost, and much less corrosive than sodium hydroxide, it could be used 
advantageously. Unfortunately, iron pyrites are not leached as readily 
by sodium carbonate solutions as by caustic solutions. However, this 
difficulty can be overcome by employing a multistep process in which the 
coal is first leached under Ames oxydesulfurization conditions to extract 
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pyritic sulfur and possibly some of the organic sulfur and then treated by 
the AAL process to remove the ash-forming mineral matter from coal. This 
multistep process including the preoxidation step, the alkaline leaching 
step, and the acid washing step is unique and called the Ames super clean 
coal process. 
In order to establish a scientific and technical basis for the Ames 
super clean coal process, a series of laboratory experiments was first 
carried out to demonstrate the basic alkaline leaching and acid washing 
steps of the AAL process. The leaching experiments were conducted with 
small laboratory reactors to determine optimum conditions for leaching 
bituminous coals from various sources. Different process variables such 
as alkali type and concentration, particle size, pulp density, reaction 
temperature, and residence time were investigated for the alkaline leaching 
step. The subsequent acid washing step was also investigated to determine 
the optimum type and concentration of acid, washing temperature, and 
washing technique. Then, the AAL process was used in conjunction with the 
Ames oxydesulfurization process to demonstrate the effectiveness of the 
Ames super clean coal process. In some cases, these chemical leaching 
methods were coupled with a physical cleaning method to clean selected 
coals from several major seams. Reductions in ash and sulfur contents as 
well as coal recovery were determined for various treatment conditions, 
In addition, the phase transformations of the ash-forming mineral matter 
in coal during the chemical leaching process were monitored and identified 
by X-ray diffraction analysis. 
In general, the coal product obtained after the alkaline leaching step 
of the AAL process was significantly lower in sulfur content but somewhat 
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higher in ash content than the original coal. The decrease in the sulfur 
content was mainly due to the conversion of some pyrite to hematite or 
magnetite while a small amount of organic sulfur may also have been removed. 
On the other hand, the increase in ash content was caused by the addition 
of sodium to the coal. However, if the alkaline leaching step was followed 
by treatment with a dilute mineral acid in a second step, most of the ash-
forming mineral matter originally present in coal was removed. Without 
knowing the exact reaction mechanism between the various coal minerals and 
aqueous alkali, it can only be surmised that a hot alkaline solution appears 
to solubilize some part of the ash-forming mineral matter in coal and to 
chemically react with another part of the mineral matter to form new products 
which are acid soluble. 
In order to investigate the detailed chemistry of the chemical reac­
tions between aqueous alkali and the ash-forming mineral matter in coal, 
individual minerals that commonly occur in coal were leached with alkaline 
solutions under conditions of both the AAL process and the Ames oxyde-
sulfurization process. Different clay minerals, quartz, carbonate, sulfates, 
and iron pyrite were so treated. It was hoped that the optimum conditions 
for the conversion of each type of mineral to acid soluble or otherwise 
easily removed products could be established. The reaction products were 
identified and characterized by X-ray diffraction analysis. Also, the 
kinetics of the reaction between coal-derived pyrite and a hot sodium 
carbonate solution under non-oxidizing conditions were studied. Additional 
information on phase transformations and distributions resulting from the 
reaction of pyrite as well as microscale characterization of the 
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desulfurized pyrite was obtained by reflected light microscopy and by 
scanning electron microscopy including energy dispersive X-ray analysis. 
Dissolution of individual minerals 
The use of aqueous caustic to desulfurize coal and the subsequent 
use of dilute acid to remove mineral matter from caustic treated coal was 
initiated in Germany during World War II to produce pure carbon for making 
electrodes for aluminum production (43). From then on, several investigators 
applied similar methods for the preparation of ash-free and pyrite-free coal 
(45, 151, 173). However, the chemistry of the demineralizing process was 
not well defined by the previous workers. In order to investigate the 
reactions of coal minerals with aqueous alkali, several relatively pure 
minerals including silica (quartz), clays (kaolinite, illite, and 
montmorillonite), carbonates (dolomite and calcite), sulfates (ferrous sul­
fate, ferric sulfate, and gpysum), sulfides (iron pyrite), and titanium 
dioxide were treated separately with various alkaline solutions (Na^CO^, 
NaHCO^, and NaOH) with different alkali concentrations (0.2 to 3.0 M) 
for various times (0.5 to 3 hr.) at temperatures between 200 to 350°C 
under non-oxidizing conditions. The acid treatment step was subsequently 
applied to the alkali-treated materials to study the demineralizing reac­
tions. Three mineral acids (HCl, H^SO^, and HNO^) were used under 
various washing conditions to compare the effectiveness of the different 
acids for removing ash-forming material from alkali-leached minerals. In 
addition, the reactions of coal minerals with dilute sodium carbonate 
solutions under Ames oxydesulfurization conditions were also investigated 
in detail. The individual mineral control samples, the reaction products 
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formed by the alkaline leaching step, and the final residue left after the 
acid washing step were all examined and identified by X-ray diffraction 
analysis. A Siemens D500 diffractometer was used throughout this investi­
gation. It was equipped with a copper target and a, graphite monochromator 
to generate monochromatic copper ka radiation. Scanning was done in the 
range of 2-70° (28 angle) at a rate of 2°/min. with a chart speed of 
2 cm./min. Samples were rotated during the X-ray analysis to minimize the 
effects of crystal orientation. The leaching conditions for all the 
individual minerals and their corresponding reaction products are sum­
marized in Table 22. A list of symbols used to represent the various 
minerals of interest in this study is presented in Table 23, These symbols 
were used to identify the minerals and reaction products in various tables 
and in X-ray diffraction patterns throughout this study. 
Silica In order to investigate the dissolution of silica, pure 
quartz (-38 ym.) was leached in a laboratory-scale reactor under various 
alkaline leaching conditions. After the digestion, the reactor contents 
were filtered through Whatman No. 40 (11 cm.) filter paper using suction. 
The residue was washed with 300 ml. of cold, distilled water. The weight 
of residue was determined after drying for 2 hr. at 350°C in an oven. The 
extraction percent was calculated using the following expression: 
Extraction (%) = 100 - "t. of residue ^ (61) 
wt, of feed 
The amount extracted for various conditions is shown together with the 
experimental conditions in Table 24. 
In one set of experiments, 2 g. portions of quartz were treated with 
120 ml. of solution containing either sodium hydroxide, sodium carbonate. 
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Table 22. Products from leaching various coal minerals identified by X-ray 
diffraction analysis 
Alkaline leaching^ Washing,^ Final 
Alkali Concen., 
type M 
Temp., 
°C 
Time, 
hr. 
Products^ acid 
type 
residue 
Quartz — q' — 
NagCOgG 0.2 150 1.0 Q HCl Q 
NagCOg 1.0 250 1.0 X HCl X 
NaHCO^ 2.0 250 1.0 Q HCl Q 
NaOH 2.0 250 1.0 None — — 
Kaolinite — — K, Q, I, TD*^ — 
0.2 150 1.0 K, Q, I, TD HCl K, Q, I, 
NagCOg 1.0 200 1.0 NC, K, Q, I, TD HCl K, Q, I, 
NagCOg 1.0 250 1.0 NCH, A, I, TD HCl I, TD 
*2904 T, I, TD 
.HNOg A, I, TD 
^Either 2 g. of quartz, 5 g. of pyrite, or 15 g. of other minerals 
leached with 120 ml. of different alkaline solutions under an inert 
atmosphere. 
^3 g. of alkali-leached minerals (except quartz) mixed with 300 ml. 
of acid under the following conditions: 2.0 M HCl or 2.0 M HNO^ at 
boiling temperature, 1.8 M H2S0^ at room temperature. 
^See Table 23 for meaning of symbols. 
^Minerals present in the untreated material. 
^Minerals leached under the Ames oxydesulfurization conditions 
(13.6 atm. oxygen pressure). 
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Table 22. Continued 
Alkaline leaching^ Washing, Final 
Alkali 
type 
Concen. 
M 
Temp., 
°C 
Time, 
hr. 
Products^ acid 
b 
type 
residue 
Na^CO^ 1.0 300 1.0 N, A, I, TD H2SO4 T, I, TD 
Na CO 1.0 350 1.0 N, TD B2SO4 TD 
Na^CO, 1.0 250 0.5 NC, A, Q, I, TD H2SO, Q, I, TD 
Na2C03 1.0 250 2.0 N, A, I, TD HnSO, I, TD 
0.2 250 1.0 NC, K, Q, I, TD HgSO^ K, Q, I, TD 
NagCOg 0.5 250 1.0 NC, Q, I, TD H2SO4 Q, I, TD 
Na^COg 2.0 250 1.0 N, I, TD HgSO^ I, TD 
NaHCOg 2.0 250 1.0 NC, Q, I, TD H2SO4 Q, I, TD 
NaOH 1.0 250 1.0 HS, A, I, TD H^SO^ I, TD 
NaOH 2.0 250 1.0 HC, A, I, TD H2SO4 I, TD 
H^O 0 250 1.0 K, Q, I, TD HgSO^ K, Q, I, TD 
Illite — — — I, K, Q, TD^ — — 
0.2 150 1.0 I, K, Q, TD HCl I, K, Q, TD 
NagCOg 1.0 250 1,0 A, NCH, I, TD HCl I, TD 
HgSO^ A, I, TD 
HNO3 A, I, TD 
Na^CO^ 2.0 250 1.0 A, N, I, TD H2SO4 A, I, TD 
Na^CO^ 1.0 200 1.0 A, NC, I, Q, TD HCl I, Q, TD 
Na^CO^ 1.0 300 1.0 A, N, I, TD HCl I, TD 
NagCO^ 1.0 350 1.0 A, N, I, TD HCl I, TD 
NagCO^ 3.0 300 3.0 A, N, I, TD HCl I, TD 
NaHCO^ 2.0 250 1.0 A, NC, I, Q, TD HCl I, Q, TD 
NaOH 2.0 250 1.0 HC, I, TD HCl I, TD 
Montmorillonite — MO, — — 
Na^CO," 0.2 150 1.0 MO, Q HCl MO, Q 
NagCOg 1.0 250 1.0 A, NCH, X HCl 
=2:04 
.HNO3 
X 
X 
A, X 
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Table 22. Continued 
Alkaline leaching^ Washing, Final 
Alkali Concen., Temp., Time, n j ^ acid residue^ 
type M "C hr. ^ b 
— type 
NagCO. 2.0 330 1.0 A, N, X HCl X 
NaHCOg 2.0 250 1.0 A, MO, Q HCl MO, Q 
NaOH 2.0 250 1.0 A, HC, X HCl X 
Dolomite D, 
Na^COa® 0.2 150 1.0 D, Q HCl Q 
Na^CO^ 1.0 250 1.0 D, C HCl None 
Calcite — c-^ 
Na CO ® 0.2 150 1,0 c HCl None 
1.0 250 1.0 c HCl None 
Gypsum — — — 
NagCOgG 0.2 150 1.0 c HCl None 
Na^CO^ 1.0 250 1.0 c HCl None 
Ferrous Sulfate — FS^ — — 
Na^CO^^ 0.2 150 1.0 H, M HCl None 
Na^CO^ 1.0 250 1.0 M HCl None 
Ferric Sulfate — -
0.2 150 1.0 H HCl None 
1.0 250 1.0 H HCl None 
Titanium Dioxide — TD^ — — 
Na^CO^® 0.2 150 1.0 TD HCl TD 
NagCOg 1.0 250 1.0 TD HCl TD 
«agCOg 2.0 340 1.0 TD HCl TD 
Raw Pyrite — — P, C, H, — — 
Na^CO^^ 0.2 150 1.0 P, C, H, HCl P 
H2SO4 P, H 
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Table 22. Continued 
Alkaline leaching^ Washing, Final 
Alkali 
type 
Concen., 
M 
Temp., 
°C 
Time, 
hr. 
Products^ acid b 
type 
residue 
1,0 250 1.0 p, c, H, M HCl P 
1.0 300 1.0 p. c, H, M HCl P 
Na^CO^ 1.0 350 1.0 p. C, H, M HCl P 
Acid-cleaned Pyrite p«^ 
Na^CO^^ 0.2 150 1.0 p, H HCl P 
Na^CO^ 1.0 250 1.0 p. H HCl P 
NagCOg 1.0 300 1.0 p, H HCl P 
NagCO^ 1.0 350 1.0 p, H HCl P 
Na^HCO^ 2.0 300 1.0 p. H HCl P 
Acid-cleaned Pyrite 
(mixed with PSOC 267 coal) p' MM 
Na^CO^ 1,0 250 1.0 p. H HCl P 
Na^COg 1.0 300 1.0 p. H HCl P 
Na^COj 1.0 330 1.0 p, H, M, PY HCl P 
Sa^COj 1.0 350 1.0 p, H, M, PY HCl P 
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Table 23. List of symbols used to represent various minerals 
Mineral Chemical formula Symbol 
Analcime Na^D'AlgO^'A Si02'2 H^O A 
Calcite CaCOg G 
Dolomite CaCOg-MgCOg D 
Ferrous sulfate FeSO^'7 HgO FS 
Ferric sulfate Feg(SO^)^.n H^O FC 
Gypsum CaSO,-2 H_0 
4 I 
G 
Hematite Fe_0_ H 
2 3 2 
Hydroxycancrinite Na^O-AlgO^-Z SiOg'Y NaOH-n H^O HC 
Hydroxysodalite same as above HS 
Illite K^CAl, Fe, Mg)^-SigAl202Q(OH)^ I 
Kaolinite AI2O -2 Si02'2 HO K 
Magnetite M 
Montmorillonite AI3 34(Mg, Na)Q^gg-Sig02Q(0H)^-n H2O MO 
Natrodavyne rNa-0-Al„0„-2 SiO_.&a_CO.'n H.O NC 
(sodalite-type) Z  Z  j  Z J Z J  Z  
Natrodavyne same as above N 
(cancrini te-type) 
Natrodavyne .same as above NCR 
(mixed sodalite- and cancrini te-type) 
Pyrite FeSg P 
Pyrrhotite FeSi^^ (0<X<1) PY 
Quartz SiO^ Q 
Tamarugite NaAl(30^)2*6 HgO T 
Titanium dioxide Ti02 TD 
Amorphous material X 
Table 24. Effect of pulp 
solution 
density ' and leaching conditions on dissolution of quartz by hot alkaline 
Feed weight Alkaline leaching^ Weight Extraction 
of quartz, 
g. 
Alkali 
type 
Concen., 
M 
Temp., 
°C 
Time, 
hr. 
of quartz 
residue, g.^ 
of quartz, 
% 
2 NagCOg 1.0 250 0.5 1.43 28.5 
2 NagCOg 1.0 250 1.0 0.85 57.5 
2 NagCOg 1.0 250 2.0 0.58 71 
2 NagCOy 1.0 250 3.0 0.60 70 
2 NagCOg 2.0 250 0.5 1.13 43.5 
2 NagCOg 2.0 250 1.0 0.18 91 
2 NagCOg 2.0 250 2,0 0.03 98.5 
2 NagCOg 3.0 250 0.5 0.80 60 
2 Na^COg 3.0 250 1.0 0.02 99 
2 Na^CO^ 1.0 300 1.0 0.62 69 
1 NagCOg 1.0 250 1.0 0.05 95 
0.8^ NagCOg 1.0 250 1.0 0.00 100 
2 NaHCO^ 2.0 250 1.0 1.80 10 
2 NaOH 2.0 250 1.0 0.01 99.5 
^Quartz (-38 ym.) leached with 120 ml. of different alkaline solutions under an inert atmosphere. 
^Filter cake washed by water at room temperature, dried at 350°C for 2 hr., then weighed. 
^Residue from the run treated with a 1.0 M Na^CO^ solution at 250°C for 1 hr. 
165 
or sodium bicarbonate, respectively, at 250°C for 1 hr. under non-oxidizing 
conditions to compare the effectiveness of these alkalis. Among the 
leachants tested, a 2.0 M sodium hydroxide solution (pH = 13.0) was the 
most effective alkali for extracting silica. Almost all the quartz was 
dissolved in the hot caustic solution to form soluble sodium silicates. 
A 2.0 M sodium bicarbonate solution (pH = 7.8) was the least effective 
alkali tested; only 10% of the quartz was dissolved by this solution. The 
crystallinity of the unreacted quartz appeared unchanged because the X-ray 
pattern of the quartz residue was exactly the same as that of the original 
quartz. Application of a 1.0 M sodium carbonate solution (pH = 11.7) 
resulted in dissolution of 58% of the quartz. It is interesting to note 
that the quartz residue was an amorphous material based on X-ray diffrac­
tion analysis. Also, the residue was not soluble in acid. It appeared 
that the quartz may have dissolved in the hot sodium carbonate solution and 
then reprecipitated as an amorphous material when the solution was cooled. 
Generally, the solubility of various forms of silica in water and salt 
solutions (pH < 10.6) increases with increasing leaching temperature (90). 
After a leaching treatment, a rapid decrease in solubility of silica 
upon cooling is usually observed. However, the exact mechanism of dissolu­
tion of silica by sodium carbonate solutions is not well-established. The 
incomplete dissolution of quartz by the sodium carbonate solution could 
have been due to the solubility limit (3), 
To obtain more information about the dissolution of silica by a sodium 
carbonate solution, a series of experiments was conducted to determine the 
effects of leaching time, temperature, alkali concentration, mole ratio 
of quartz to sodium carbonate, and pulp density. In most cases, 2 g. 
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portions of quartz were leached with 120 ml. of sodium carbonate solution 
while using different concentrations (1.0, 2,0, and 3.0 M), temperatures 
(250 and 300°C), and leaching times (0.5, 1,0, 2.0, and 3.0 hr.). The 
experimental conditions and results are shown in Table 24. In addition, 
the percentage extraction of quartz versus leaching time by hot (250°C) 
sodium carbonate solutions having different concentrations is presented 
in Figure 11. It was found that the percentage extraction of quartz 
increased rapidly and linearly with reaction time for about 60-70 min. 
and then leveled off. In other words, the reaction rate appeared constant 
for about the first 60-70 min. In the case of 1.0 M sodium carbonate 
solution, the maximum percentage extraction of quartz was about 70%. This 
value appeared to be governed by the solubility of silica in the sodium 
carbonate solution. It appeared that the quartz dissolved completely when 
leaching was continued for 2 hr. or more and then silica reprecipitated 
when the solution was cooled. Thus, it would have been the room temperature 
solubility limit which controlled the amount extracted. Under one set of 
leaching conditions (250°C, 1.0 M Na^CO^, 1 hr.), the mole ratio of alkali 
supplied to dissolved quartz was 5.14. After quartz was leached with a 1.0 
_M sodium carbonate solution (pH = 11.7) for 3 hr., the pH of the leaching 
solution dropped to 10.6. This drop was probably due to the formation of 
silicic acid during the digestion of quartz. The quartz residue was an 
acid-insoluble and amorphous material. However, the residue (0.8 g.) was 
completely dissolved when it was mixed with a fresh batch of 1,0 M sodium 
carbonate solution and leached again at 250° for 1 hr. 
When the concentration of the sodium carbonate solution was raised 
from 1.0 M to 2.0 M, the percentage extraction of quartz was increased from 
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Figure 11. Dissolution of quartz (2.0 g.) by hot (250°C) sodium 
carbonate solutions (120 ml.) having different concentra­
tions (1.0-3.0 M) 
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58% to 91% within 1 hr. at 250°C. In addition, almost all of the quartz 
(98.5%) was dissolved in a hot 2.0 M sodium carbonate solution when the 
leaching time was extended to 2 hr. In this case, the mole ratio of 
alkali supplied to dissolved quartz was 7.27. When the leachant concentra­
tion was raised to 3.0 M, the quartz was almost completely dissolved with­
in 1 hr. The mole ratio of alkali supplied to dissolved quartz was then 
10.8. Therefore, the higher mole ratio of alkali to quartz favored the 
dissolution of quartz. 
Over the initial 60-70 min. period of leaching, the amount of silica 
dissolved in hot sodium carbonate solutions is controlled by the reaction 
rate. The dissolution rate appears to be a function of the alkali concentra­
tion to some fractional power and can be expressed by the following equation; 
Dissolution rate = Kc'^ (62) 
where K is the rate constant and C is the concentration of sodium carbonate. 
It is of interest to estimate the reaction order n. The dissolution rate 
of quartz in a hot sodium carbonate solution over the initial 60-70 min. is 
equal to the slope of the straight line in Figure 11 corresponding to a 
specific alkali concentration. A plot of the logarithm of the dissolution 
rate versus the logarithm of the alkali concentration produced a straight 
line having a slope of 0.56 (Figure 12). The result indicates that the 
dissolution rate of quartz is approximately half order with respect to the 
concentration of sodium carbonate at a leaching temperature of 250°C. 
It is also noteworthy that increasing the leaching temperature from 
250 to 300°C increased the amount of quartz extracted in 1.0 hr. from 58% 
to 69% by a 1.0 M sodium carbonate solution. This result was probably due 
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Figure 12. A plot of log (dissolution rate of quartz) versus log 
(concentration of sodium carbonate) 
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to an increase in dissolution rate. However, the maximum amount leached 
at 300°C was only 69% which did not exceed the maximum amount (70%) 
leached at 250°C. This result again indicates that the critical solubility 
limit for quartz in a 1.0 M sodium carbonate solution is the limit at room 
temperature. Another run was made to check the effect of pulp density on 
the dissolution of quartz in a sodium carbonate solution. Instead of 
using 2.0 g. of quartz, 1.0 g. of quartz was leached with 120 ml. of 1.0 M 
sodium carbonate solution at 250°C for 1 hr. About 95% of the quartz was 
found to be dissolved under these leaching conditions. Based on all this 
information, given sufficient time it is apparent that the incomplete 
dissolution of quartz in sodium carbonate solutions is mainly due to a 
solubility limit. Increasing the leaching temperature favors the rate of 
dissolution and increasing the mole ratio of alkali to quartz favors the 
ultimate equilibrium dissolution of quartz in a sodium carbonate solution. 
Caustic extraction has traditionally been applied for the purification 
of iron ores. The silica in the ore reacts with the caustic to produce 
soluble sodium silicates. However, if aluminum is present in the ore or in 
the solution, secondary reactions generally occur because the silica, 
alumina, and caustic can interact to form an insoluble precipitate (48, 68). 
This phenomenon has been observed in the alumina industry where alumina is 
recovered from bauxite by caustic extraction in the Bayer process (158, 
192). The stoichiometry of the precipitation reaction is variable and 
depends on conditions at the time of reaction. Therefore, it is expected 
that some new compounds (sodium hydroaluminasilicates) will be found as 
the reaction products when clay minerals are leached with an alkaline solu­
tion at elevated temperatures for a specific period (50). 
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Kaoljnite leached with aqueous alkali In the following series of 
experiments, 15 g. portions of kaolinite (-74 ym.) were leached with 120 ml. 
of different alkali solutions (Na^CO^» NaHCO^, and NaOH) at different 
alkali concentrations (0.2, 0.5, 1.0, and 2.0 M), different temperatures 
(200, 250, 300, and 350°C), and various reaction times (0.5, 1.0, and 2.0 
hr.) under an inert atmosphere in a stirred autoclave. After the alkaline 
leaching step, the product was cooled, filtered with a Buchner funnel, 
washed with distilled water, dried in an oven, and then analyzed by X-ray 
diffraction. In addition, kaolinite was also treated with a 0.2 M sodium 
carbonate solution at 150°C for 1 hr. under an oxygen partial pressure of 
13.6 atm. 
As the results of X-ray diffraction analysis of reaction products in 
Table 22 indicate, several new compounds with different chemical compositions 
and different unit cell crystalline structures were formed under various 
alkaline leaching conditions. These compounds include analcime (pure 
mineral) and other sodium hydroaluminosilicates (SHAS) with structures 
similar to those of either sodalite or cancrinite (24). The sodalite-type 
SHAS and analcime are the predominant products when the alkaline leaching 
is performed at lower reaction temperatures (e.g., 200°C), or at shorter 
rea c t i o n  t i m e s  ( e . g . ,  0 . 5  h r . ) ,  o r  w i t h  l o w e r  a l k a l i  c o n c e n t r a t i o n s  ( e . g . ,  
0.2 M). On the other hand, the cancrinite-type SHAS is exclusively formed 
at a higher reaction temperature (e.g., 300°C) or a higher alkali concentra­
tion (e,g., 2.0 M). These results are in good agreement with previous work 
(14, 26, 130, 131, 146, 167). 
Both the sodalite-type and cancrinite-type SHAS compounds are similar 
in chemical composition and can be represented by the general formula. 
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Na^O-AlgO^'lSiOg-l/S Na^X^n HgO. In this formula, X is an anion of a salt, 
such as COg or 2OH , contained in the alkaline leaching solutions. In 
this report, the carbonate-rich cancrinite and carbonate-rich sodalite are 
termed natrodavyne (N) and natrodavyne (NC), respectively, whereas the 
carbonate-rich compound with a crystalline structure between that of the 
sodalite type and that of the cancrinite type is termed natrodavyne (NCH). 
On the other hand, the hydroxy-rich cancrinite and hydroxy-rich sodalite 
are termed hydroxycancrinite (HC) and hydroxysodalite (HS), respectively. 
In addition, the chemical composition of analcime (A) is 
Na^O'AlgO^.ASiOg'HgO. 
To study the effect of digestion temperature on the formulation of 
reaction products, 15 g. portions of kaolinite were leached for 1 hr. with 
120 ml. portions of 0.2 M sodium carbonate solution at 150°C or with 120 
ml. portions of 1.0 M sodium carbonate solution at various temperatures 
(200, 250, 300 and 350°C). Based on X-ray phase analysis (see Figure 13), 
the kaolinite used for this series of experiments contained a significant 
amount of quartz. Therefore, in this leaching study of quartz-containing 
kaolinite with hot alkaline solutions, silica could come from two sources: 
(1) quartz (SiO^) and (2) kaolinite (Al20^'2Si0^'2H^0). Generally, it is 
easier to dissolve the silica in silicates than that in quartz with hot al­
kaline solution (76). According to the present experimental results (Figure 
13), it is apparent that kaolinite did not react with sodium carbonate under 
Ames oxydesulfurization conditions because of the low reaction temperature 
(150°C). When the reaction temperature was raised to 200°C, most of the 
kaolinite reacted to form natrodavyne with a cubic sodalite-type 
structure (NC). At 250°C, kaolinite completely reacted to produce 
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Figure 13. X-ray patterns for impure kaolinite leached with 1.0 M 
(except (b)) NagCO^ at different temperatures for 1 hr. 
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analcime and natrodavyne (NCH) with a structure between that of the cubic 
sodalite type and the hexagonal cancrinite type. As can be seen in Figure 
13, natrodavyne with a hexagonal-type structure (N) and a lesser amount 
of analcime were formed when kaolinite was leached at 300°C. When the 
temperature was raised to 350°C, natrodavyne with a hexagonal structure (N) 
was produced exclusively. Thus, it was concluded that with increased 
digestion temperatures both the cubic sodalite-type compound and zeolite-
type analcime were gradually converted to the hexagonal cancrinite-type 
material. The phase transformation from sodalite to cancrinite can be 
observed easily by noting the growth of the diffraction peaks at 20 = 19° 
and 28° in the X-ray patterns; these become the major peaks in well-
crystallized natrodavyne (N). The reactivity of quartz in kaolinite with 
sodium carbonate appeared to be very low at temperatures of 150 and 200°C. 
Since the intensity of the quartz peaks in the X-ray patterns did not change 
with leaching, very little quartz was extracted at these temperatures. How­
ever, above 250°C, almost all of the quartz in the kaolinite reacted with 
the alkaline solution because quartz peaks were no longer observed in the 
X-ray pattern.of the alkali-leached kaolinite. 
Sodium carbonate solutions reacted strongly with kaolinite at leaching 
temperatures above 250°C which is not surprising because of the high pH. 
Sodium carbonate probably decomposed kaolinite, releasing large quantities 
of silicon and aluminum into solution to form new phases such as natrodavyne 
and analcime. Large concentrations of silicon and aluminum have been 
detected in alkaline solutions by other investigators (53, 105, 128, 185) 
which supports the above decomposition process by sodium carbonate. An 
ion-exchange mechanism alone cannot account for these reactions. Based on 
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the experimental results, the formation of SHAS compounds by leaching 
quartz-containing kaolinite with a hot sodium carbonate solution should 
be in accordance with the following equations: 
Al^O^'ZSiOg.ZH^O + Y Na^COg t 2810^.1/3 NagCO^-nHgO 
+ COg (63) 
A1^0^'2Si0g'2H^0 + 2 SiOg + NagCOg t Nag0'Alg0^.4Si0g-2Hg0 + CO^ (64) 
Based on these reactions, the mole ratio of sodium carbonate to kaolinite 
should be at least higher than one to complete the dissolution and reaction 
of kaolinite. 
In order to investigate the influence of alkali concentration on the 
composition and crystallinity of the reaction products, 15 g. portions of 
kaolinite were leached for 1 hr. at 250°C with 120 ml. of solution using 
various concentrations of sodium carbonate (0, 0.2, 0.5, 1.0, and 2.0 M). 
Results of X-ray diffraction analysis of the leached products are shown 
in Table 22 and in Figure 14. With no sodium carbonate in the leachant, 
no change was observed in the quartz-containing kaolinite; the X-ray 
pattern of the material was the same before and after leaching. When the 
material was leached with a 0.2 M sodium carbonate solution, some of the 
kaolinite was converted to natrodavyne (NC), but the quartz was still in­
tact. With a 0.5 M concentration, almost all the kaolinite was converted 
to natrodavyne (NC) while the quartz remained untouched. Under the 
leaching condition, the mole ratio of kaolinite to sodium carbonate was 
about one to one. As indicated previously, with a 1.0 M concentration 
both kaolinite and quartz reacted and were converted to natrodavyne (NCH) 
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Figure 14. X-ray patterns for impure kaolinite leached with different 
concentrations of sodium carbonate at 250°C for 1 hr. 
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and analcime. When the concentration was increased to 2.0 M, the only 
product detectable was natrodavyne (N). Therefore, increasing the con­
centration of sodium carbonate increased the dissolution of kaolinite 
and quartz. It was also noted that the sodalite-type of natrodavyne (NC) 
was gradually changed to the cancrinite-type of natrodavyne (N) with 
increasing alkali concentration. 
Two other alkalis, sodium hydroxide and sodium bicarbonate, were 
employed to investigate the effect of different alkalis on the reaction 
of kaolinite. Complete conversion of kaolinite and quartz to SHAS compounds 
was observed when 15 g. portions of kaolinite were leached with 120 ml. of 
1.0 M sodium hydroxide solution (pH = 13.0) at 250°C for 1 hr. Based on 
the X-ray diffraction analysis in Figure 15, the major reaction product was 
analcime with a lesser amount of hydroxysodalite. However, these two prod­
ucts were converted to hydroxycancrinite when the sodium hydroxide con­
centration was increased to 2.0 M. The phase transformation of hydroxy­
sodalite to hydroxycancrinite, which is similar to the phase transformation 
of sodalite-type natrodavyne to cancrinite-type natrodavyne, was also 
observed in this study. On the other hand, almost none of the quartz and 
only part of the kaolinite reacted with a 2.0 M sodium bicarbonate solution 
(pH = 7.8) at 250°C within 1 hr. The only reaction product was natrodavyne 
(NC) under these leaching conditions. Therefore, the alkali strength, that 
is, the pH of the leachant, had a significant effect on the reaction of 
both kaolinite and quartz. 
Several experiments were designed to investigate the effect of leaching 
time (0.5, 1.0, and 2.0 hr.) on the chemical composition and crystalline 
structure of the reaction products formed by leaching 15 g. portions of 
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kaolinite with 120 ml. of 1.0 M sodium carbonate solution at 250°C. The 
reaction products consisting of analcime and natrodavyne (NC) along with 
unreacted quartz were observed in the X-ray pattern of the kaolinite 
which had been leached for 0.5 hr. When alkaline leaching was conducted 
for 1 hr. and then 2 hr., the quartz was completely dissolved while the 
natrodavyne was gradually changed from the sodalite-type to the cancrinite-
type. From all the preceding experimental results, it is apparent that 
the chemical composition and crystalline structure of the products formed 
by treating kaolinite with alkali strongly depend on the reaction tempera­
ture, duration, alkali concentration, pH value, and the amount of quartz 
in kaolinite. 
Alkali-leached kaolinite washed with acid In order to investigate 
the effectiveness of various mineral acids for dissolving SHAS compounds 
in the second-step acid treatment, 3.0 g. portions of alkali-leached 
kaolinite were mixed with 300 ml. of either dilute hydrochloric acid (2.0 
M), nitric acid (2.0 M), or sulfuric acid (1.8 M) for 30 min. in a three-
neck Pyrex flask. Hydrochloric acid or nitric acid was at boiling 
temperature while the sulfuric acid was either at room temperature or at 
boiling temperature. From X-ray analysis of the materials at various 
stages of leaching and washing (Table 22 and Figure 15), it was found that 
all the sodalite-type and cancrinite-type compounds are soluble in any of 
the three acids. Similarly, Deer e^ al. (46) indicated that compounds of 
the sodalite group and cancrinite group are readily gelatinized by acids. 
In addition, carbonate-rich varieties effervesce in mineral acids. On the 
other hand, the experimental results in Table 22 indicated that analcime 
was completely dissolved only in boiling hydrochloric acid and boiling 
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sulfuric acid but not in boiling nitric acid or cold sulfuric acid with­
in 30 min. 
In general, the action of an acid on a silicate mineral produces 
one of the following results (182); 
(i) Complete breakdown of the silicate structure with the dissolution 
of metal cations and silica. A silica gel may then be formed due to ready 
polymerization of silica in aqueous solutions. 
(ii) Partial decomposition of the silicate structure leading to 
dissolution of cations and leaving a siliceous residue. 
(iii) Essentially no reaction at all. 
Factors which determine methods of dissolution and reaction of silicate 
minerals with acid have been thoroughly discussed by Terry in a recent 
paper (182). The author indicated that the reactivity of silica is 
mainly determined by a combination of structural factors and the properties 
of the metal cations combined with the silicate. 
All three types of SHAS compounds found in this study are readily 
attacked by hot acids. Therefore, the action of acids on these silicates 
can be classified into the first category in the above list. This 
characteristic is evidently dependent on the infinite silicate structure 
containing substantial quantities of aluminum and sodium in the three-
dimensional network so that the silicate linkages are sufficiently 
weakened to allow breakdown of the structure into small units and sub­
sequent silica dissolution. The possible reaction mechanism for the acid 
dissolution of SHAS compounds can be described as follows (62). During 
the acid washing treatment, the ions first attack the Na-0 and the Al-0 
bonds. Aluminum and sodium are thus replaced by ions which become 
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attached to oxygen and form Si-OH groups. The aluminum and sodium atoms 
are then liberated from the crystal structure into the solution which 
results in the collapse of the lattice. At the same time, since each 
silicon atom is surrounded by four aluminum atoms, the silicon atoms are 
also free to move into the solution in the form of Si(OH)^ groups. How­
ever, the Si(OH)^ groups are not stable in the hot acid and will polymerize 
and precipitate as silica gel. Current knowledge regarding the solubility, 
polymerization, and precipitation of silica in aqueous solutions has been 
comprehensively reviewed and summarized by lier (90). The author indicated 
that in acid solution, a high concentration (1.0 g./l or larger) of 
dissolved silica can (i) be present as a stable colloidal sol at pH = 2, 
or (ii) aggregate normally to form an infinite open network structure (a 
silica gel) at higher pH (3 to 5), or (iii) form finite, close packed 
clusters of colloidal particles (a filterable amorphous precipitate) under 
conditions of rapid aggregation (high temperature, high pH, and high ionic 
strength). 
In a recent study of coal cleaning using sodium hydroxide and acid 
solutions. Das and Yang (45) indicated that the dissolution of SHAS compounds 
in sulfuric acid may follow the equation, 
3(Na20'Al20^'2Si02)-NagCO^-nH^O + 13 HgSO^ t 3 412(80^)2 + 
4 Na^SO^ + silicic acids + n HgO + CO^ (65) 
The reaction products, 412(80^)2 and NagSO^, are very soluble in acidic 
solutions. The authors also showed that the species contained in the 
spent solution include Al''', SO^ , Na^, H^SiO^, and other silicic acids. 
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The ionization constants of the silicic acids are relatively low and the 
silicic acids may be in a colloidal state (90). 
In general, the unreacted kaolinite and quartz which remained in the 
alkali-leached kaolinite could not be dissolved by the acid washing treat­
ment. This is the case when kaolinite was first leached with a sodium 
bicarbonate solution and then washed with dilute mineral acid. The X-rav 
diffraction analysis for this experiment is shown in Figure 15. But, if 
15 g. portions of kaolinite with no impurities were first leached with 
120 ml. of 1.0 M sodium carbonate solution at 250°C for 1 hr. followed 
by washing with boiling hydrochloric acid for 30 min., nearly all the 
material was completely dissolved in the acid. On the other hand, when 
impure quartz-containing kaolinite was leached with alkali and then washed 
with acid under similar conditions, a small amount of residue remained. 
According to X-ray diffraction analysis in Figure 15, two titanium dioxide 
compounds (anatase and rutile) and some unreacted illite, which were all 
originally present in the kaolinite, were the major minerals left in the 
final product. It is also noteworthy that a new sodium aluminum sulfate 
hydrate compound called tamarugite [NaAl(SO^)^-SH^O] was observed in the 
final residue when kaolinite was leached with a 1.0 M sodium carbonate 
solution at 250°C or 300°C for 1 hr. and then washed with dilute sulfuric 
acid for 30 min. at room temperature. Tamarugite seems to have resulted 
from the back reaction between sulfate ions and SHAS compounds formed in 
the alkaline leaching step. Since tamarugite is soluble in hot water, it 
can be removed from the residue by carefully washing the residue after 
sulfuric acid treatment. 
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Illite and montmorillonite Two other common clay minerals, illite 
and montmorillonite, were also subjected to alkali leaching/acid washing 
conditions as well as Ames oxydesulfurization conditions. The illite 
contained small amounts of quartz and kaolinite and the montmorillonite 
a small amount of quartz. The results are shown in Table 22. The three-
layer unit structures for both illite and montmorillonite are somewhat 
similar to the two-layer structure of kaolinite, but the reactivity of 
these structures towards an alkaline solution at elevated temperature is 
significantly different. Unlike the kaolinite, most of the illite and 
montmorillonite did not react with either 1.0 M or a 2.0 M sodium 
carbonate solution at 250°C within 1 hr. The 2:1 (silica sheets : inter-
layer cations) sheet silicates are generally more resistant to alkali and/ 
or acid attack than the 1:1 sheet silicates. This has been attributed to 
the interlayer cations being more compactly sandwiched between silica 
tetrahedra in the 2:1 sheet silicates (21). 
In order to investigate the effect of alkaline solution leaching 
temperature on the dissolution of illite and composition of the final 
product, 15 g. portions of illite (-74 pm.) were leached separately with 
120 ml. of either 0.2 M sodium carbonate solution at 150°C or 1.0 M sodium 
carbonate solution at temperatures of 200, 250, 300, and 350°C for 1 hr. 
No illite was converted to form a new compound at 150°C under Ames oxyde­
sulfurization conditions. At 200°C, a small part of the illite was con­
verted to analcime and natrodavyne (NC) while most of the quartz and illite 
remained untouched. At 250°C, the residue from the alkali-leached illite 
consisted of analcime, natrodavyne (NCH), and unreacted illite. When the 
reaction temperature was raised to 300 or 350°C, the structure of 
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natrodavyne was again changed from the sodalite-type to the cancrinite-
type and the amount of natrodavyne (N) increased with decreasing analcime. 
Furthermore, the amount of unreacted illite gradually decreased with 
increasing leaching temperature. In other words, more severe leaching 
conditions favored the decomposition of illite. When illite was leached 
with a 2.0 M sodium hydroxide solution for 1 hr. at 250°C, hydroxycancrinite 
and unreacted illite were identified in the alkali-leached residue. On the 
other hand, analcime, natrodavyne (NC), unreacted quartz and illite were 
all observed in the residue when a 2.0 M sodium bicarbonate solution was 
used with the same leaching conditions. 
Similarly, montmorillonite (-74 ym.) did not react at all under Ames 
oxydesulfurization conditions. When montmorillonite was leached with a 
1.0 M sodium carbonate solution at 250°C for 1 hr., the reaction products 
included analcime and natrodavyne (NCR). With a 2.0 M sodium hydroxide 
solution, analcime and hydroxycancrinite were found in the alkali-leached 
residue. However, analcime was the only reaction product when a 2.0 M 
sodium bicarbonate solution was used for the alkaline leaching step. 
Under all of these leaching conditions, some unreacted montmorillonite 
was also observed in the alkali-leached residue. Again, boiling dilute 
hydrochloric acid and sulfuric acid dissolved all the SHAS compounds formed 
by leaching illite or montmorillonite with an alkaline solution. However, 
analcime was not dissolved completely in boiling dilute nitric acid or cold 
sulfuric acid within 30 min. 
Carbonates Since the clay minerals were altered to varying degrees 
by an alkaline treatment, depending on leaching conditions, it seemed 
appropriate to study the possible mineralogical changes other minerals 
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might experience during the Ames oxydesulfurization process or the alkaline 
leaching/acid washing process. Carbonate minerals are the salts of 
carbonic acid (HgCO^) and offer extensive possibilities for interchanging 
cations of calcium, magnesium, iron, etc. (168). Consequently, it is not 
surprising that a wide variety of carbonate minerals occur in coal. 
Calcite (CaCO^), dolomite (CaCO^'MgCO^) and siderite (FeCO^) are reported 
as common constituents of coal mineral matter. In one experiment of a 
series, 15 g. of quartz-containing dolomite (-74 ym.) was leached with 
120 ml. of 1.0 M sodium carbonate solution at 250°C for 1 hr. under an 
inert atmosphere. Based on X-ray analysis, calcite was the only solid 
reaction product. Although most of the dolomite was intact, the quartz 
impurity was completely dissolved by the alkaline solution. In another 
experiment when the impure dolomite was leached under Ames oxydesulfuriza­
tion conditions, the quartz and dolomite remained untouched. In further 
experiments, pure calcite (-74 ym.) was treated under the same leaching 
conditions. It was found that calcite is essentially inert to both the 
Ames oxydesulfurization conditions and the high-temperature alkaline 
leaching conditions. However, these carbonate minerals are soluble in 
acidic solutions. The acids react with carbonates to form carbon dioxide, 
water, and a calcium or magnesium salt which is soluble. Typical reactions 
are: 
CaCOg + 4 HCl $ CaClg + H^O + COg 
CaCOg'MgCOg + 4 HCl Î CaCl^ + MgClg + 2 H^O + 2 COg. 
(66) 
(67) 
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Sulfates Most coals, except for extremely fresh ones, contain 
various iron sulfates resulting from the oxidation of pyrite and 
marcasite. To examine the fate of ferrous and ferric sulfates under the 
Ames oxydesulfurization process and the AAL process conditions, reagent-
grade ferrous sulfate also called melanterite (FeSO^*7H^O) and ferric 
sulfate [Feg(SO^)g'nHgO] were leached in this set of experiments. Under 
Ames oxydesulfurization conditions, melanterite (-74 pm.) was completely 
converted to a mixture of hematite and magnetite. However, magnetite 
appeared to be the only reaction product present after 15 g. of melanterite 
was leached with 120 ml. of 1.0 M sodium carbonate solution at 250°C for 
1 hr. under an inert atmosphere. On the other hand, hematite was the only 
reaction product identified when ferric sulfate (-74 pm.) was treated 
under either set of leaching conditions. Both hematite and magnetite 
formed in these processes are insoluble in alkaline solutions or wash 
water, but they are soluble in hot acidic solutions. For example, 
hematite is soluble in hot dilute sulfuric acid according to the equation 
FegOg + 3 HgSO^ t + 3 H^O. (68) 
In a similar set of experiments, gypsum (CaSO^'ZH^O) was totally converted 
to calcite under the high-temperature alkaline leaching conditions of the 
AAL process. Also, calcite was identified as the only product when gypsum 
(-74 pm.) was treated under Ames oxydesulfurization conditions. 
Titanium dioxides Titanium dioxide (TiO^) has three crystal 
modifications: rutile, brookite, and anatase. All of these occur in 
nature, but only anatase is likely to occur in clays (28). Therefore, 
anatase (reagent powder, -74 pm.) obtained from the Matheson Company, Inc., 
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Norwood, Ohio, was used in this study. Based on experimental results, 
it was found that titanium dioxide was relatively unreactive under both 
Ames oxydesulfurization conditions and high-temperature alkaline leaching 
conditions. Moreover, the unreacted titanium dioxide is acid insoluble. 
Therefore, it appeared to be very difficult to remove titanium dioxide 
from coals by chemical leaching methods. Fortunately, only a very small 
amount of titanium dioxide is generally found in coals. 
Iron pyrites Sulfide minerals often constitute as much as 25% of 
the coal mineral matter. The dominant sulfide mineral in coal is iron 
pyrite while marcasite has also been reported to be present in many coals 
(64). The solid reaction products from the treatment of pyrite under Ames 
oxydesulfurization conditions have been extensively characterized by using 
X-ray diffraction analysis, scanning electron microscopy (SEM), reflected 
light microscopy, and energy-dispersive X-ray analysis (72). Figure 16A 
shows the SEM images of representative pyrite particles (-147/+74 ym.) that 
were leached with a sodium carbonate solution (0.2 M) at 150°C for 1 hr. 
under an oxygen partial pressure of 13.6 atm. The primary fine-grained 
reaction product on the surface of reacted pyrite particles was identified 
as hematite by X-ray diffraction analysis. Figure 16B is a secondary 
electron image of a polished section of a partially reacted pyrite particle. 
Reflected light microscope images of polished sections of unreacted pyrite 
and partially reacted pyrite particles are shown in Figure 17. From these 
micrographs, it is apparent that hematite is deposited as a concentric rim 
surrounding a core of unreacted pyrite. In order to characterize the 
reaction products of pyrite treated by the high-temperature alkaline 
Figure 16. SEM images of partially reacted particles. Leaching 
conditions: 0.2 M Na^CO^; 1 hr.; 150°C, 13.6 atm. 
oxygen pressure. 
A. Surface of reacted pyrite. Granular hematite particles 
(reaction product) cover the surface of the pyrite 
particle. Scale bar = 20 
B. Polished cross section of partially reacted pyrite. 
The central core of the particle is unreacted pyrite 
while the outer rim is hematite. Scale bar = 15 ym. 
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Figure 17. Reflected li^t microscope images of polished sections of unreacted and partially 
reacted pyrite particles. Leaching conditions: 0.2 M Na^CO^; 1 hr.; 150°C; 
13.6 atm. oxygen pressure. 
A. Control sample of unreacted pyrite. 
B. Partially reacted pyrite. 
C. Partially reacted pyrite. 
D. Partially reacted pyrite. 
Bright central area are unreacted pyrite while the reaction product rim is 
hematite. All images are at the same magnification. Scale bar = 25 ym. 
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leaching step of the ML process, a series of experiments was performed 
with the stirred autoclave under non-oxidizing conditions. The results 
are shown in Table 22. 
Based on X-ray diffraction analysis, the coal-derived pyrite (-38 ym.) 
used in this study was contaminated with some major acid-soluble impurities 
and some minor acid-insoluble impurities. The major impurities included 
calcite, hematite, magnetite, and other unidentified compounds while the 
minor impurities were mainly quartz and kaolinite. To remove the acid-
soluble impurities, some of the pyrite was leached with dilute hydrochloric 
acid (1.2 M) at 70°C for 1 hr. under a nitrogen atmosphere. In one set of 
experiments, 5 g. portions of acid-cleaned pyrite (-38 ym.) were leached 
separately with 120 ml. of 1.0 M sodium carbonate solution for 1 hr. at 
temperatures ranging from 250 to 350°C under an inert atmosphere. As the 
X-ray diffraction results in Table 22 and Figure 18 indicate, the only 
solid reaction product was hematite. However, the intensity of the 
hematite peaks increased and the intensity of the unreacted pyrite peaks 
decreased on the X-ray diffractograms with increasing leaching ten^erature. 
Based on the total sulfur content of the leachate, the conversion of pyrite 
to soluble sulfur species was 12.7%, 26.4%, and 44.8% at leaching 
temperatures of 250°C, 300°C, and 350°C, respectively. In another set of 
leaching experiments at 250°C, the conversion of pyrite to hematite in 1 hr. 
was 12.7%, 14.5%, and 15.8% for sodium carbonate concentrations of 1.0 M, 
2,0 M, and 3.0 M, respectively. It is evident from these experimental 
results that reaction temperature has a more significant effect on the 
leaching of pyrite than the concentration of sodium carbonate. 
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Figure 18. X-ray patterns for acid-cleaned pyrite leached with 1.0 M 
Na^CO^ at different temperatures under 
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For comparison with acid-cleaned pyrite, 5 g. portions of raw pyrite 
(-38 vim.) contaminated with various impurities were also leached with 120 
ml. of 1.0 M sodium carbonate solution under similar conditions. By 
comparing the intensity of hematite and magnetite peaks of the X-ray 
diffractograms for raw and alkali-leached pyrite, it was found that the 
intensity of the hematite peaks increased significantly because of the 
alkaline leaching treatment while the intensity of the magnetite peaks 
remained about the same. In other words, the magnetite originally present 
in the raw pyrite did not act as a nucleous for the deposition of further 
magnetite crystals under high-temperature alkaline leaching conditions. 
Hematite was again the only reaction product. The conversion of raw 
pyrite to soluble sulfur species was 8.8%, 17.2%, and 31.5%, at 250°C, 
300°C, and 350°C, respectively, when the material was leached for 1 hr. 
with a 1.0 M sodium carbonate solution. Since the conversion of raw 
pyrite was significantly less than the conversion of acid-cleaned pyrite, 
it appeared that acid-leaching enhanced the reactivity of the pyrite. 
In another series of experiments with acid-cleaned pyrite, 10 g. por­
tions of PSOC 267 coal (-74 pm.) were mixed with 5 g. portions of pyrite 
(-38 ijm.) and leached with 120 ml. of 1.0 M sodium carbonate solution for 
1 hr. at temperatures of 250, 300, 330, and 350°C, respectively, under an 
inert atmosphere. After the leaching treatment, the pyrite residue was 
separated from the treated coal by gravity separation. It is interesting 
to note that the alkali-leached pyrite was highly magnetic, especially 
after leaching at 330°C and 350°C. The X-ray diffraction patterns in 
Figure 19 for pyrite leached at 330°C and 350°C indicate the presence of 
unreacted pyrite and several reaction products including hematite. 
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Figure 19. X-ray patterns for acid-cleaned pyrite after leaching with 
PSOC 267 and in a 1.0 M Na^CO^ solution at different 
temperatures under 
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magnetite, and a small amount of pyrrhotite. The amount of magnetite 
formed by the alkaline leaching treatment increased with increasing 
reaction temperature. Hematite was the only reaction product of alkaline 
leaching below 300°C. In other words, magnetite and pyrrhotite were not 
readily formed at lower leaching temperatures. It is not well-understood 
how magnetite and pyrrhotite were formed during the high-temperature 
alkaline leaching treatment. One possibility is the following. At high 
leaching temperatures (above 330°C), some of the coal may have decomposed 
to produce hydrogen which then reduced the initial reaction product hematite 
to magnetite and also reacted with the pyrite to form pyrrhotite. Thus, 
the following reactions may have occurred during the leaching treatment: 
3 Feg&g + \ t 2 Fe^O^ + H^O (69) 
FeSg + H2 Î FeS^^ + H^S. (70) 
In order to support the preceding theory, an additional run was made in 
which 5 g. of acid-cleaned pyrite (-38 ym.) alone was leached with 120 ml. 
of 1,0 M sodium carbonate solution at 340°C for 1 hr. starting with an 
initial hydrogen partial pressure of 2.0 atm. An X-ray diffraction pattern 
of the treated pyrite indicated the presence of only unreacted pyrite and 
hematite. Neither magnetite nor pyrrhotite seemed to be present according 
to the X-ray pattern. Since hydrogen was added to the reactor only at the 
beginning of the run, there may not have been enough hydrogen present to 
convert a significant amount of pyrite to either magnetite or pyrrhotite. 
To explain the mechanism of the complex leaching reaction, further detailed 
research will be needed. 
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Richardson (153) found that pyrite in coal is much less stable than 
the pure compound and could be converted easily to ferrous sulfide (FeS) 
at 300°C. Pyrrhotite was concluded to be the intermediate in the 
decomposition, 
FeSg ->• Fe^Sg FeS. (71) 
Richardson also indicated that the presence of carbon-hydrogen bonds or 
other types of mineral matter contributed to the lessened stability of 
pyrite in coal. The carbon-hydrogen bonds in some organic species will 
begin to break at relatively low temperatures and yield hydrogen for 
reduction of pyrite. In addition, other types of mineral matter such as 
silicates or carbonate minerals may catalyze the decomposition of pyrite 
(154). In order to investigate the possible catalytic effect of minerals 
in coal on the conversion of pyrite to magnetite or pyrrhotite, 5 g. 
portions of acid-cleaned pyrite were spiked successively with 0.5 g. 
portions of either kaolinite, calcite, or gypsum and then leached with 120 
ml. of 1.0 M sodium carbonate solutions at 350°C for 1 hr. The reaction 
product was again identified as hematite and no magnetite nor pyrrhotite 
peaks were observed in the X-ray patterns of the reaction products from the 
three runs. Another run was made with 5 g, of acid-cleaned pyrite mixed 
with 10 g. of chemically precleaned PSOC 267 coal (ash content, 0.94%) 
instead of raw PSOC 267 coal (ash content, 6.34%). The mixture was leached 
with 120 ml. of 1.0 M sodium carbonate solution at 350°C for 1 hr. An X-ray 
pattern of the pyrite residue indicated the presence of magnetite and 
hematite, and a small amount of pyrrhotite. Based on these experiments. 
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it appeared that the mineral matter present in coal has little influence 
on the conversion of pyrite to magnetite or pyrrhotite during the 
alkaline leaching treatment. 
Figures 20B-20D are SEM micrographs of reacted pyrite particles 
(-147 um* ) which were first mixed with PSOC 267 coal and then leached in 
a 1.0 M sodium carbonate solution at temperatures ranging from 250 to 350°C 
for 1 hr. under non-oxidizing conditions. For comparison, an unreacted 
pyrite particle is shown in Figure 20A. It can be seen that the overall 
shape and size of the pyrite crystals did not change substantially during 
the leaching treatment at reaction temperature of 250 and 300°C. The 
cubic crystal structure of pyrite is still apparent. The surfaces of 
reacted pyrite particles are covered by a growth of the reaction product 
which has been identified as hematite by X-ray pattern analysis. It is 
apparent that more of the reaction product was produced at the higher 
reaction temperatures. 
Photomicrographs produced by reflected light microscopy are shown in 
Figure 21 for cross-sections of partially reacted pyrite particles. These 
micrographs were prepared by mounting the reacted particles in plastic 
and then polishing the mount to reveal the inner cross section. The 
central bright areas are unreacted cores of pyrite and the material 
surrounding the cores is hematite. It is clear that as the pyrite particles 
react at temperatures below 300°C, a rim of the reaction product is formed 
around the pyrite core which appears relatively non-porous (see Figures 
21A-21C). Based on these experimental results, a shrinking core model may 
describe the reaction kinetics of pyrite leached with a sodium carbonate 
solution at temperatures below 300 °C under non-oxidizing conditions. This 
Figure 20. SEM images of unreacted and reacted pyrite surfaces. (Ail 
images are at the same magnification. Scale bar = 20 ym.) 
Leaching conditions: 1.0 M Na^CO^; 1 hr.; 250-350°C; Ng: 
PSOC 267 coal. 
A. Control sample of unreacted pyrite. 
B. At reaction temperature of 250°C 
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Figure 20. Continued 
C. At reaction temperature of 300°C. 
D. At reaction temperature of 350°C 
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Figure 21. Reflected light microscope images of polished sections of partially reacted pyrite. 
Leaching conditions: 1.0 M Na^CO^; 1 hr.; 250-350°C; PSOC 267 coal. 
A. At reaction temperature of 250°C. 
B. At reaction temperature of 300°C. 
C. At reaction temperature of 300°C. 
D. At reaction temperature of 330°C. 
Bright central areas are unreacted pyrite while the outer reaction product rim is 
hematite. All images are at the same magnification. Scale bar = 40 ym. 
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model is based on a shrinking core of unreached material surrounded by 
a growing layer of solid product with the rate controlling step being 
either reaction at the core boundary (reaction control) or diffusion 
through the product layer (ash diffusion control) (107). On the other 
hand, Figure 21D shows the appearance of a pyrite particle leached at 
330°C. The particle seems to have several cracks and fissures and some 
reaction may have taken place along these cracks. Therefore, the particle 
may not fit the shrinking core model very well. Burkin and Edwards (31) 
also indicated that pyrite particles were attacked easily by hot caustic 
solutions along grain boundaries and other defects so that the reaction 
proceeded at many locations within each particle resulting in particles 
with a sponge-like appearance. Reflected light microscope images of 
polished sections of partially reacted pyrite particles which were leached 
at 350°C for 5 min. are shown in Figures 22A and 22B and for 60 min. are 
shown in Figures 22C and 22D, Again, it is apparent that a reaction rim 
surrounds each pyrite particle. It is also apparent that for longer 
reaction time the rim is thicker, and, therefore, more material has been 
transformed. In addition, cracks appear to have formed at particle 
surfaces and penetrated into the particles. As the virgin non-porous core 
shrank, it left behind a grainy porous structure. For leaching at 350°C, 
the shrinking core model may not be suitable for representing the reaction 
of pyrite. An extension of the shrinking core model has been proposed by 
Park and Levenspiel (139, 140), This model which is called the crackling 
core model assumes the solid particle to be initially dense and practically 
impervious to reactant gas or liquid. Then, under the action of gas or 
liquid, the particle transforms progressively from the outside in. 
Figure 22. Reflected light microscope images of polished sections of partially reacted pyrite 
particles. Leaching conditions: 1.0 M Na^CO^; 350°C; ; 5 or 60 min.; PSOC 267 coal. 
A. Reaction time : 5 min. 
B. Reaction time: 5 min. 
C. Reaction time: 60 min 
D. Reaction time : 60 min 
Bright central areas are unreacted pyrite while the outer reaction product rims are 
hematite and magnetite. All images are at the same magnification. Scale bar = 25 ym. 
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by crackling and fissuring, to form an easily penetrated grainy material, 
which then reacts away to the final product according to the shrinking 
core model. In order to determine the applicability of this model for the 
reaction of pyrite with very hot (350°C) alkaline solutions, more detailed 
research is needed. 
The reaction products included magnetite, hematite, and pyrrhotite 
when iron pyrites were mixed with coal and leached in a sodium carbonate 
solution at 350°C for 1 hr. under non-oxidizing conditions and it was of 
interest to know the distribution of these reaction products and unreacted 
pyrite. Figure 23 shows the distribution of sulfur and iron in polished 
sections of partially reacted pyrite as determined by combined SEM-energy 
dispersive X-ray analysis techniques. Although oxygen was also an important 
element, the X-ray detector of the microprobe was not very sensitive to 
oxygen so it was not determined. Figure 23A is a backscattered electron 
image obtained with a scanning electron microscope of a partially reacted 
pyrite particle. When this image is compared with the sulfur X-ray image 
(Figure 23B), very little sulfur appears in the outer reaction product 
rim, whereas the sulfur concentration in the central core region is 
relatively high. On the other hand, Figure 23C shows the iron distribution 
to be uniform throughout the entire particle. Thus, these results show 
that phase changes occurred during the leaching treatment. It is apparent 
that a shell of iron oxide was formed around a shrinking core of pyrite. 
However, the distribution of reaction products (hematite, magnetite, and 
pyrrhotite) was still not clear. The iron X-ray line of scan shown in 
Figure 23D provided little additional information. Further work is needed 
to determine the distribution of reaction products. 
Figure 23. X-ray dot mapping (elemental analysis) of polished sections 
of partially reacted pyrite particles. (All images are at 
the same magnification. Scale bar = 10 pm.). Leaching 
conditions: 1.0 M NagCO^; 350°C; N^; 60 min.; PSOC 267 coal. 
A. Backscattered electron image of polished sections of 
reacted pyrite. 
B. Sulfur X-ray distribution image of the region shown in A 
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Figure 23. Continued 
C. Iron X-ray distribution image of the region shown in A. 
D. Iron X-ray line of scan 
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When 5 g. of acid-cleaned pyrite (-38 pm.) alone was leached with 
120 ml. of 2.0 M sodium hydroxide solution at 300°C for 1 hr. under an 
inert atmosphere, more than 62% of the pyrite was converted compared 
with 26.4% when pyrite was leached with a 1.0 M sodium carbonate solution 
under the same conditions. It is apparent that the reaction of pyrite 
with a caustic solution takes place more rapidly than the reaction with a 
sodium carbonate solution. The reaction product is predominantly hematite. 
Trace amounts of other highly magnetic products are probably maghemite and 
magnetite. Figures 24A and 24B are SEM micrographs of the surface of a 
reacted pyrite particle. The surface was heavily covered by a growth of 
lamella-type reaction product (hematite). It is interesting to compare 
these SEM images with those shown in Figures 16A and 20C. It is apparent 
that the characteristic structural features of the hematite particles 
obtained under various leaching conditions are different. 
Herzog and Backer (76) studied the possibility of iron ore concentra­
tion by leaching with a concentrated (40-50%) sodium hydroxide solution. 
In the temperature range of 120-140°C it was possible to eliminate silica, 
aluminum oxides, phosphorus and carbon dioxide from the ore. At the same 
time, it was found that during this treatment the magnetic properties of the 
iron oxides changed from paramagnetic to ferromagnetic. Nepokrytykh et al. 
(126, 127) studied the behavior of pyrite during leaching of bauxite in 
alkaline solutions (50-300 g./l Na^O) at elevated temperatures (180-300°C) 
for several hours under nitrogen. They indicated that the interaction of 
pyrite with an alkaline solution takes place more vigorously at elevated 
temperatures and represents a complex oxidation-reduction reaction. The 
solutions and the composition of the solid phase during leaching 
Figure 24. SEM images of reacted pyrite from caustic leaching. 
Leaching conditions: 2.0 M NaOH; 300°C; 1 hr.; N^. 
A. Surface of reacted pyrite. The reaction product 
(hematite particles) covered the surface of the 
pyrite particle. Scale bar = 20 ym. 
B. An enlarged view of the reaction product shown 
above. Scale bar = 8 ym. 
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were analyzed by chemical, crystal-optical. X-ray diffraction, and thermal 
methods. It was established that sulfur accumulated in the leaching 
solution primarily as sulfide (90-94%) but also as thiosulfate, sulfide, 
and sulfate. In addition, the solid residue consisted of the initial 
material with traces of disintegrated grains, newly formed pyrites, and 
also lamellar maghemite and hematite. Moreover, they concluded that the 
solid phases formed during the reaction of pyrites with alkaline solutions 
undergo the following transformation with time: 
pyrite hematite -»• maghemite -> magnetite (72) 
which is accompanied by a corresponding change in solution composition. 
Based on an analysis of the pyrite leaching data, Nepokrytykh et (127) 
proposed a complex reaction mechanism. It was suggested that initially 
the following set of reactions occurs: 
7 FeSg + 24 OH" t 3 FegOg + Fe"^ + 12 S= + + 12 H^O (73) 
S^O^" + OH" t HS" + (74) 
3 SgOg" + 6 OH" 2 4 SOg^ + 2 sT + 3 HgO. (75) 
As sulfide ions accumulate in the leaching solution, it becomes possible 
to reduce hematite to magnetite (through an intermediate maghemite phase). 
It was also claimed that the phase transformation of hematite to maghemite 
is accompanied by the formation of pyrite on the magnetite surface. The 
chemical reaction can be represented by; 
2 FegOg + 2 S" + 2 H2O Î Fe^O^ + FeSg + 4 OH". (76) 
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Therefore, the subsequent behavior of pyrite in a caustic solution is 
ultimately determined by the overall reaction, 
9 FeSg + 36 OH" + 3 Fe^O^ + 2 + 16 s" + 18 HgO. (77) 
Stephenson (175) also indicated that the major soluble sulfur-
containing product when pyrite was leached with sodium carbonate solutions 
at high temperatures (250-300°C) under an inert atmosphere was sulfide 
accounting for 63-90% of the total sulfur extracted. In addition to 
sulfide, sulfate appears to be the only soluble species present in the 
leachate in sizeable amounts while thiosulfate and sulfite are present 
only in trace quantities in the leachate. At the present time, it remains 
to be seen whether the reaction mechanism discussed above applies to the 
leaching of pyrite with a sodium carbonate solution at elevated temperature. 
In order to determine the applicability of this reaction mechanism to the 
alkaline leaching conditions of the AAL process, further research will be 
needed. 
The kinetics of pyrite leaching with different alkaline solutions 
under the conditions of the Bayer process were also published recently 
by Hepokrytykh et. (128). It was shown that the leaching rate of 
pyrite with caustic solutions in the range of 120-270°C is determined by 
diffusion through the product layer of oxides (hematite, maghemite, and 
magnetite). The diffusion characteristics depend on the conditions under 
which the layer is formed. 
Besides characterizing the reaction products of pyrite leached by 
various methods, consideration was given to the rate controlling step when 
pyrite is leached by hot alkaline solutions. A shrinking unreacted core 
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model was used successfully to analyze the experimental data obtained in 
leaching coal-derived pyrite by the Ames oxydesulfurization process by 
Chuang et al. (39). Recently, Joshi et al, (93, 94) confirmed the suit­
ability of a shrinking core model for oxydesulfurization of pyrite in an 
alkaline solution at elevated temperature. Bunn (29) also used this model 
to investigate the kinetics of the reaction of coal-derived pyrite with a 
hot sodium hydroxide solution under non-oxidizing conditions. Based on 
the SEM micrograph shown in Figure 18B and the reflected light microscope 
image shown in Figure 19A as well as the preceding discussion, the 
shrinking unreacted core model should represent the kinetics of the 
reaction of coal-derived pyrite and hot alkaline solutions, especially at 
reaction temperatures below 300°C. 
The reaction of solid pyrite with a sodium carbonate solution in the 
absence of oxygen may be represented by the following relation: 
Three possible rate-controlling steps for a shrinking core kinetic model 
based on this reaction were discussed in detail by Levenspiel (107). The 
corresponding equations derived for the reaction of uniform spherical 
particles are as follows: 
(I) liquid film diffusion controls 
A(fluid) + b B(solid) •> fluid and solid products. (78) 
Xb - t/T (79) 
( II) diffusion through product shell controls 
(80) 
(III) chemical reaction controls 
G(y = l-(l-Xg)l/3 = t/x (81) 
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where is the conversion of the solid reactant B and T is the extrapolated 
time for the complete conversion of a single particle. 
In order to determine the rate controlling mechanism for the desul-
furization of pyrite by the alkaline leaching step of the AAL process, a 
set of data from Stephenson's thesis (175) was analyzed. For this set of 
experiments, 5 g. acid-cleaned pyrite (-175/+147 ym.) was treated with a 1.0 
M sodium carbonate solution at 250°C in a tubular reactor using a liquid 
flow rate of 1.5 ml./sec. The conversion of total sulfur (Xg) at different 
reaction times and the corresponding values of P(Xg) and G(Xg) are presented 
in Table 25. 
A plot of conversion (Xg) versus reaction time (t) showed that the data 
were nonlinear and could not fit model I. Chi (37) studied the effect of 
agitator speed on the leaching of pyrite in pulverized coal and also 
indicated that mass transfer in the liquid phase was not rate controlling 
in the alkaline leaching step of the AAL process. Therefore, there are two 
other possibilities to be considered. When the functions of conversion 
P(Xg) and G(Xg) were plotted against reaction time as in Figure 25, it was 
found that the data did seem to fall on a straight line with model III 
but not with model II. Thus, the chemical reaction model appeared to fit 
the data better than the diffusion model did. Bunn (29) also indicated 
that the reaction of pyrite with aqueous sodium hydroxide (0-10%) at 150-
215°C is chemical reaction controlled with an apparent activation energy 
of 21 kcal/mole and linearly dependent on the concentration of sodium 
hydroxide. In order to confirm that the overall rate of extraction of 
sulfur from pyrite particles by a sodium carbonate solution under an inert 
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Figure 25. A comparison of how well the two models (chemical reaction 
and diffusion) fit the experimental data 
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Table 25. Conversion of total sulfur by alkaline leaching 
Reaction Conversion P(X_) G(Xn) 
time (min.)* Xg (%) ^ 40O x 100 
5 3.06 0,13 1.03 
10 6.09 0.51 2.07 
15 9.09 1.15 3.13 
20 12.29 2.14 4.28 
25 14.57 3.04 5.11 
30 17.29 4.33 6.13 
35 19.83 5.78 7.10 
40 23.05 7.93 8.36 
45 25.08 9.50 9.18 
50 27.01 11.12 9.96 
55 29.15 13.12 10.85 
60 30.47 14.44 11.41 
^Time zero taken as moment sodium carbonate feed started. 
atmosphere is controlled by chemical reaction, more work should be done 
at different experimental conditions. 
Application of chemical cleaning to coal 
A series of preliminary experiments was carried out with a small 
laboratory reactor by Chi (37) to demonstrate coal cleaning by means of the 
AAL process. The results showed that a substantial reduction of the sulfur 
content (70 to 90%) and the ash content (80 to 90%) was achieved when 
selected coals were leached with a 1.0 M sodium carbonate solution at 300°C 
for 1 hr. under an inert atmosphere followed by washing with 2.0 M nitric 
acid at boiling temperature for 30 min. Although nitric acid seemed to be 
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the most effective acid for removing both ash and sulfur from alkali-
leached coal, it is more costly than either sulfuric acid or hydrochloric 
acid and also is known to nitrate coal. Nitrated coal could be another 
source of air pollution. Therefore, either hydrochloric acid or sulfuric 
acid was used to wash the alkali-treated coal in the present study. 
In order to establish a scientific and technical basis for the Ames 
super clean coal process which is a combination of the Ames oxydesulfuriza-
tion process and the AAL process, numerous coal leaching experiments were 
conducted with laboratory-scale reactors to demonstrate the basic steps 
of this unique process. The ash and sulfur contents of the product along 
with coal recovery were analyzed for each step of the Ames super clean coal 
process. Three bituminous coals, Illinois No. 6, Pittsburgh No, 8, and 
Lower Kittanning, were used for the leaching experiments. Based on X-ray 
analysis, the major inorganic phases present in these coals are pyrite, 
calcite, quartz, illite, and kaolinite. Small amounts of other ash-forming 
minerals may be present, but other minerals are so rare as to render 
positive identification difficult. The phase transformations of the major 
minerals in coal during chemical leaching under both the Ames oxydesulfuriza-
tion process and the AAL process were carefully examined and characterized 
by X-ray diffraction techniques. The results were then compared to the 
results obtained when individual coal minerals were leached. The objective 
of this work was to achieve a better understanding of the chemistry of 
deashing and desulfurization of coal via the Ames super clean coal process. 
Leaching with different alkalis A set of experiments was conducted 
to determine the effectiveness of different alkalis for reducing the ash 
and sulfur contents of coal. For this set of experiments, raw coals 
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(either -38 ym. or -74 ym.) were leached with either a 1.0 M solution of 
sodium carbonate or a 2.0 M solution of sodium hydroxide or sodium 
bicarbonate at 250°C for 1 hr. under an inert atmosphere. The product was 
washed with hot hydrochloric acid. In addition, leaching experiments were 
conducted to compare the effectiveness of each step of the Ames super 
clean coal process. For these experiments, raw coals were leached first 
under Ames oxydesulfurization conditions (0.2 M NagCOg solution, 150°C, 
1 hr., 13.6 atm. oxygen partial pressure). After the preoxidation treat­
ment, the coal was filtered and then mixed with a fresh 1.0 M sodium 
carbonate solution and leached at 250°C for 1 hr. under non-oxidizing 
conditions. The product was recovered by filtration and washed with hot 
hydrochloric acid. Experimental conditions and results of these experi­
ments including the ash and total sulfur contents of the final product, 
the coal recovery on a dry, ash-free basis, and the major minerals left 
in the final washed product are presented in Table 26. 
The results of this set of experiments indicate that the ash and 
total sulfur contents of the coals were reduced substantially by the AAL 
process treatment while the product recovery was high. Also, the results 
were affected by the type of alkali used in the alkaline leaching step 
and the source of the coal. A sodium hydroxide solution was the most 
effective for removing ash-forming mineral matter and sulfur from coal, 
but it also provided the lowest coal recovery. Sodium bicarbonate 
resulted in the least sulfur and ash reduction, but it produced the highest 
coal recovery. The ash and sulfur reduction achieved by leaching with 
sodium carbonate was much higher than that obtained by leaching with 
sodium bicarbonate while the recovery of coal was nearly the same for both 
Table 26, Results of leaching raw coals under various conditions 
Leaching* Alkali Washed product'' Minerals 
steps type Ash, 
wt. % 
Total S, Coal 
daf wt. % recov., % 
^c 
present 
Illinois No. 6 coal (-74 urn.) 
— — 12.75^ 3.71^ K, Q, C, P'^ 
II NagCO^ 2,61 2.40 94.2 P 
II NaOH 1,28 1.95 83.1 P 
II NaHCOg 6,57 3.14 95,0 P. Q 
I NagCOg 7,85 1.58 97.5 K, Q 
I & II NagCOg 0,84 1.47 90,2 — 
Pittsburgh No. 8 coal (-38 ytn.) 
— 
— 37.11^ 6.55^ K, I, q. 
II NagCOg 24.77 5,03 95.4 1 ,  P, X 
II NaOH 4.02 2.95 86,9 I. P 
II NaHCOg 28.21 6.17 96.0 I. Q. p 
I NagCO, 29,66 2.30 98.2 K, I, Q 
I & II NagCO, 16.44 2.19 91.2 I, X 
Lower Klttannlng coal (-74 um.) 
— —  
— 17.87^ 10,61^ — K, 
II NagCO^ 9.44 7.70 89.0 P 
II NaOH 1.41 2.68 84.2 P 
II NaHCOg 12.75 8.23 90.1 Q, 
I NagCOg 9.14 1.46 92.7 K, 
I & II NagCOg 1.29 1.27 84.3 -
^Coal was treated by either the first leaching step only or the second leaching step only or a 
combination of the two leaching steps. 
Step I: 50 g. coal leached with 400 ml. of 0.2 M NagCO^ solution at 150°C for 1 hr. under 
13.6 atm. oxygen pressure. 
Step II: 15 g. coal leached with 120 ml. of alkaline solution (1.0 M NagCO^, 2.0 M NaHCO^» 
2.0 M NaOH) at 250°C for 1 hr. under Ng. 
Steps I & II: After Step I, coal filtered, washed with water, and leached (15 g.) with a 
fresh alkaline solution (1.0 M NagCOg) in Step II. 
^Filter cake of alkali-leached coal was first washed with 600 ml. water at room temperature. 
Then, 3 g. of alkali-leached coal was mixed with 300 ml. of 2.0 M HCl at boiling temperature for 
30 min. Finally, filter cake of acid-treated coal was washed again with 600 ml. of water at room 
temperature. 
'^See Table 23 for mineral identification. 
"^Properties of untreated raw coal. 
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alkalis. When either sodium carbonate or sodium bicarbonate was used in 
the alkaline leaching step, the largest percentage reduction in both ash 
and total sulfur contents was achieved with Illinois No. 6 coal and the 
lowest with Pittsburgh No. 8 coal. The results achieved with Lower 
Kittanning coal were intermediate between those achieved with the other 
coals. A substantial reduction in ash content was achieved with all three 
coals when sodium hydroxide was used as a leachant. With this leachant, 
the largest percentage reduction in sulfur content was experienced by 
Lower Kittanning coal and the lowest by Illinois No. 6 coal. 
In the case of Illinois No. 6 coal which was leached with a sodiuiu 
bicarbonate solution and then washed with hot hydrochloric acid, the ash 
content was reduced from an initial value of 12.75% to a final value of 
6.57% and the total sulfur content (on a dry, ash-free basis) from an 
initial value of 3.71% to a final value of 3.14%. About 95% of the 
organic matter was recovered during the overall process. When a sodium 
carbonate solution was used, a much cleaner product was produced. The 
ash and total sulfur contents of the washed product were reduced to 2.61% 
and 2.40%, respectively. These changes corresponded to a reduction of 
80% in ash content and 35% in sulfur content with a coal recovery of 94%. 
The sodium hydroxide treatment resulted in even lower ash and sulfur con­
tents, i.e., 1.28% and 1.95%, respectively; however, the recovery of coal 
was 11% lower than that obtained with sodium carbonate. It appeared that 
some of the coal was decomposed or dissolved by caustic leaching. 
Based on X-ray diffraction analysis, the major ash-forming minerals 
present in Illinois No. 6 coal are kaolinite, quartz, calcite, and pyrite. 
When the coal was leached with a 2.0 M sodium bicarbonate solution for 1 hr. 
at 250°C under an inert atmosphere, all the kaolinite and a small amount 
of quartz were dissolved and then precipitated to form natrodavyne (N) 
and analcime which are acid-soluble. In addition, a minor portion of 
pyrite was converted to hematite during the alkaline leaching treatment. 
However, most of the pyrite, quartz, and calcite were unchanged and left 
in the residue of alkali-leached coal. After acid cleaning, the washed 
coal residue still contained the unreacted pyrite and quartz which 
accounted for most of the ash content of the final product. All these 
results were confirmed by X-ray diffraction analysis. With a 1.0 M 
sodium carbonate solution, some of the quartz and all the kaolinite were 
converted to natrodavyne (N) and analcime while a portion of the pyrite 
was converted to hematite. Some of the quartz may have been converted 
to sodium silicates and extracted during the alkaline leaching step. Un­
reacted pyrite was the only major mineral left in the coal after the 
combined alkali-leaching and acid-washing treatment. When sodium hydroxide 
was used as the leachant, all the kaolinite and some of the quartz were 
converted to hydroxycancrinite which is an acid-soluble compound. Some of 
the quartz may have been converted to sodium silicates and removed. In 
addition, a large portion of the pyrite was converted to hematite. There­
fore, only a small amount of unreacted pyrite was found in the washed 
product. According to X-ray diffraction analysis, the transformation of 
mineral matter in coal during the alkaline-leaching and acid-washing treat­
ment was in good overall agreement with the results observed when individual 
minerals were leached. In addition, the ash and total sulfur contents of 
the final products seemed to correlate well with the peak intensities of 
coal minerals recorded in X-ray patterns of the products. In other words. 
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the more unreacted quartz and pyrite left in the coal, the higher the ash 
and total sulfur contents of the final product. 
In the case of Pittsburgh No. 8 coal which had a very high ash 
content, the ash content was reduced only 24% and the sulfur content only 
6% when the coal was leached with a hot sodium bicarbonate solution and 
subsequently washed with hydrochloric acid, The poor extraction was due 
to the presence of too much ash-forming mineral matter for the mild 
leaching conditions employed. Based on X-ray analysis shown in Figure 26, 
only the kaolinite and calcite were removed from Pittsburgh No. 8 coal 
during the sodium bicarbonate leaching and acid washing treatment. Most 
of the ash-forming minerals including illite, quartz, and pyrite were left 
in the washed product. For comparison, the X-ray pattern for untreated 
Pittsburgh No. 8 coal (control sample) is also shown in Figure 26. When 
the alkaline leaching step was conducted with a sodium carbonate solution, 
the reduction in both ash and total sulfur contents increased only a 
small amount. Consequently, the ash and sulfur contents of the product 
were 67% and 77%, respectively, of the feed values. According to X-ray 
analysis shown in Figure 26, almost all the peaks of the X-ray pattern 
for the acid-washed product belonged to unreacted pyrite and illite. 
Although quartz peaks were not observed in the X-ray pattern, it is 
believed that a large amount of amorphous silica was also present in the 
final acid-washed product which accounted for the unusually high ash 
content. 
When sodium hydroxide was employed as the leachant, the ash content 
was reduced from an initial value of 37.11% to a final value of 4.02% 
and the total sulfur content from an initial value of 6.55% to a final 
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value of 2.95%. These changes corresponded to a reduction of 89% in ash 
content an 55% in sulfur content. An overall coal recovery of 87% was 
obtained which was about 9% less than that achieved with a sodium 
carbonate solution. Most of the quartz was dissolved and a large portion 
of the pyrite was converted to hematite by the hot caustic leaching. In 
addition, all the kaolinite was converted to hydroxycancrinite which is 
an acid-solubile compound. Thus, a much cleaner product was obtained with 
sodium hydroxide leaching and acid washing. The major ash-forming minerals 
left in the washed product were unreacted illite and pyrite according to 
X-ray diffraction analysis (Figure 26). In addition, a small amount of 
titanium dioxide was observed. 
In the case of Lower Kittanning coal which contained a lot of pyritic 
sulfur (8.56% on a dry, ash-free basis), the ash content was reduced 29% 
and the total sulfur content 22% when the coal was leached with a hot 2.0 
M sodium bicarbonate solution and washed with hot hydrochloric acid. The 
ash reduction was mainly due to the removal of kaolinite from coal while 
the sulfur reduction was mainly due to the removal of most of the sulfate 
sulfur and a small amount of pyritic sulfur. When the coal was leached 
with a hot 1.0 M sodium carbonate solution and washed with hot acid, the 
ash content was reduced from an initial level of 17,87% to a final level 
of 9.44% which corresponded to a 47% reduction. Moreover, the sulfur 
content was reduced from an initial level of 10.61% to a final level of 
7.70% which corresponded to a 27% reduction. The greater reduction in ash 
content was mainly due to the complete removal of quartz from the coal 
during the hot sodium carbonate leaching step. On the other hand, the 
sulfur reduction was not much greater than that achieved with a sodium 
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bicarbonate solution which indicated that most of the iron pyrites did 
not react much more readily with a sodium carbonate solution than with a 
sodium bicarbonate solution at 250°C. The subsequent hydrochloric acid 
treatment had no effect on unreacted iron pyrites so the product was left 
with high-ash and high-sulfur contents. X-ray diffraction patterns for 
this series of experiments along with an X-ray diffractogram of untreated 
raw coal (control sample) are presented in Figure 27. 
A much cleaner product containing 1.41% ash and 2.68% total sulfur 
was obtained when Lower Kittanning coal was leached with a 2.0 M sodium 
hydroxide solution at 250°C for 1 hr. followed by washing with hot hydro­
chloric acid. In this case, the reduction in ash content was 92% and in 
sulfur content 75%. In addition, the recovery of coal was about 84% 
which was 5% less than that obtained with a sodium carbonate solution. 
According to the X-ray patterns in Figure 27, only a small amount of pyrite 
remained in the final product after the coal was leached with caustic and 
washed with acid. Most of the iron pyrite reacted with the hot sodium 
hydroxide solution to form hematite which subsequently dissolved in the 
hot hydrochloric acid. 
Deashing mechanism of the AAL process The AAL process, which 
involves leaching fine-size coal with a hot, dilute sodium carbonate 
solution followed by washing with a dilute mineral acid and water, has 
been shown to remove ash-forming mineral matter from coal. The deashing 
mechanism of the combined alkali-leaching and acid-washing treatment will 
depend on whether the minerals are liberated from the coal or embedded 
within the coal. If the minerals are embedded within the coal, the 
following mechanism is generally involved in the AAL process: 
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either the ML process for the Ames super clean coal 
process 
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(I) diffusion of the reactants through the liquid film surrounding the 
individual coal particles, (II) diffusion of the reactants into the pores 
or channels within coal particles, (III) diffusion of the reactants through 
the product layer of partially reacted mineral particles to the unreacted 
core interface, (IV) reaction at the interface with the unreacted core, 
(V) diffusion of the reaction products, or dissolution of the mineral and 
the diffusion of the dissolved species through mineral product layer, 
(VI) diffusion of the reaction products or the dissolved species through 
the porous coal structure, and (VII) diffusion of the reaction products 
or the dissolved species through the liquid film surrounding the coal 
residue. Although the resistances of the different steps of the deashing 
process are not known, it is obvious that the overall leaching rate as 
expressed by the final ash content achieved in a given time will be 
controlled somewhat by the diffusion steps. Therefore, particle size 
should have a large effect on the final ash content. Chi (37) indicated 
that ball-milled coal (-38 ym.) experienced a larger reduction in both ash 
and sulfur contents than coarser, -200 mesh (-74 um.) coal during 
alkali-leaching and acid-washing treatment. If the minerals are liberated 
from the coal, steps (II) and (VI) would not be part of the deashing 
mechanism. 
No attempt has been made to derive a mathematical model or to deter­
mine the rate-controlling step for this system. However, based on all the 
experimental evidence discussed above, demineralization of coal by the 
AAL process can be summarized as follows. When the raw coal is treated 
with a 1.0 M sodium carbonate solution for 1 hr. at 250°C, some of the 
quartz and the clay minerals including all the kaolinite and part of the 
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illite and montmorillonite usually react with the hot alkaline leaching 
solution and then precipitate as stable sodium aluminum silicates such 
as natrodavyne and analcime. Some of the quartz may be dissolved and 
extracted as soluble sodium silicates. However, for a coal containing 
much quartz it appears that the quartz may dissolve in the hot alkaline 
solution and then part of the silica may precipitate in an amorphous form 
when the mixture is cooled. The amorphous silica is not acid-soluble. 
Hence, incomplete extraction is mainly due to the limited solubility of 
quartz in the cold sodium carbonate solution. Apparently, iron pyrites 
do not react readily with hot sodium carbonate solutions so only part of 
the pyrite is converted to hematite which is acid-soluble. Although most 
of the carbonate minerals are stable under alkaline leaching conditions, 
they are acid-soluble. Thus, after the combined leaching and washing 
treatment, much of the ash-forming mineral matter is removed in the acid 
leachate. The coal minerals which remain in the final washed product 
consist mostly of unreacted pyrite and illite and some amorphous silica 
in the case of coal with a high quartz content. 
Addition of the oxydesulfurization step Since iron pyrites are 
incompletely reacted by a hot sodium carbonate solution alone, this diffi­
culty may be overcome by using a multistep leaching process in which 
oxygen is introduced under pressure in the first step to convert the 
pyritic sulfur to water soluble species. The conditions for the first 
step are exactly the same as the conditions for the Ames oxydesulfurization 
process. The temperature for the first step should be limited to 150°C 
to minimize coal oxidation. The pretreated coal is subsequently treated 
by the AAL process, that is, leached with a 1.0 M sodium carbonate solution 
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under non-oxidizing conditions at elevated temperature to convert other 
mineral matter to acid soluble compounds. After the final washing treat­
ment, almost all the ash-forming mineral matter including iron pyrites 
should be removed from the coal. The new process combining the Ames 
oxydesulfurization process and the AAL process is called the Ames super 
clean coal process. 
In order to demonstrate the effectiveness of the Ames super clean 
coal process for producing low-ash, low-sulfur coal, a set of experiments 
was conducted in which the raw coals were treated first by the Ames oxyde­
sulfurization process and then by the AAL process. As the results in 
Table 26 indicate, this approach resulted in significantly greater sulfur 
removal. The total sulfur content of Illinois No. 6 coal was reduced 60%, 
Pittsburgh No. 8 coal 67%, and Lower Kittanning coal 88%. The total 
sulfur content seemed to be reduced by about the amount of inorganic sulfur 
present in the raw coals. Only trace amounts of pyrite were observed in 
the X-ray patterns for the final washed products. The X-ray diffractograms 
of Lower Kittanning coal treated by the Ames super clean coal process can 
be compared with those of coal treated by the AAL process in Figure 27. 
The Ames super clean coal process also produced a lower ash content than 
the AAL process. This result was mainly due to the more complete removal 
of iron pyrites by the Ames super clean coal process. The ash content of 
Illinois No. 6 coal was reduced to 0.84% (a 93% reduction), of Pittsburgh 
No. 8 coal to 16,44% (a 56% reduction), and of Lower Kittanning coal to 
1.29% (a 93% reduction). Although the ash content of Pittsburgh No. 8 
coal was reduced significantly by the Ames super clean coal process, the 
final ash content of the washed product was still high. Based on X-ray 
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diffraction analysis, the principal ash-forming minerals left in the 
final product were unreacted illite, possibly amorphous silica, and a small 
amount of titanium dioxide. 
When the Ames super clean coal process was applied, the overall re­
covery of coal was 90% for Illinois No, 6 coal, 91% for Pittsburgh No. 8 
coal, and 84% for Lower Kittanning coal. These values were slightly lower 
than those obtained with the AAL process. It seems likely that the lower 
recovery was due to coal oxidation in the first step. Although the coal 
loss was small, previous work (38, 194) suggests that the loss could be 
reduced to an even lower level by decreasing the temperature of the pre-
oxidation step. Interestingly, the experimental results in Table 26 show 
that the cleanest product was produced by the Ames super clean coal process 
in every case except one. The exception was the case in which Pittsburgh 
No. 8 coal was leached with caustic which resulted in a lower ash content 
but not a lower sulfur content than was achieved by the Ames super clean 
coal process. 
For comparison, some of the oxygen-pretreated coal was not subjected 
to the high-temperature alkaline leaching step but was subjected to the 
acid washing step. The results shown in Table 26 indicate that almost all 
the iron pyrites, calcite, and sulfate sulfur were removed from the coal. 
However, all the clay minerals and the quartz remained untouched in the 
final product. Under these experimental conditions, the ash content and 
total sulfur content of Illinois No. 6 coal were reduced to 7.85% and 
1.58%, of Pittsburgh No. 8 coal to 29.66% and 2.30%, and of Lower 
Kittanning coal to 9.14% and 1.46%. Moreover, the recovery of coal was 
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98% for both Illinois No. 6 and Pittsburgh No. 8 coals, and 93% for 
Lower Kittanning coal. 
Effect of washing procedure Due to the important role played by 
the acid washing step in removing ash-forming mineral matter from the 
alkali-leached coal, the effects of type of mineral acid, washing tempera­
ture, and washing technique on deashing and desulfurizing coal were in­
vestigated in the following set of experiments. Raw coals were leached 
with a 1.0 M sodium carbonate solution using either a one-step alkaline 
leaching or a two-step treatment involving oxidation and then leaching. 
The alkali-leached coals were washed with either hydrochloric acid or 
sulfuric acid. After the acid treatment, the coal was usually recovered 
by filtration and the cake was further washed with 600 ml. water at either 
room temperature (25°C) or at the boiling point (100°C). In some cases, 
an extended washing step was employed whereby the acid-treated coal was 
mixed with boiling water for 30 min., filtered, and then washed with 
another 600 ml. of boiling water. The leaching conditions, various washing 
treatments, and analytical results are presented in Table 27. 
Although hydrochloric acid was found to be very effective for removing 
the ash-forming mineral matter from alkali-leached coal, it may add un­
desirable chloride to the coal structure. Sulfuric acid also removed a 
substantial amount of ash-forming minerals; however, it usually raised the 
sulfur content of the alkali-leached coal if acid washing was not followed 
by careful water washing. Several theories have been suggested to account 
for the increase in product sulfur content when sulfuric acid is employed. 
One theory is that sulfuric acid reacts with calcium compounds in the coal 
to form insoluble calcium sulfate but this theory was disproved by Chi (37) . 
Table 27. Effect of different washing conditions on results of leaching experiments 
Run Leaching Acid washing Water washing^ Product 
No. steps Acid Temp., Type Temp., Ash, Total S, Coal 
type °C °C wt. % daf wt. % recov., 
Illinois No. 6 coal (-•74 uni.) 12.75^ 3.71^ 
1 II HCl 100 Reg. 25 2.61 2.40 94.2 
2 II H2SO4 25 Reg. 25 3.40 2.72 94.1 
3 II H2SO4 100 Extd. 100 3.97 2.67 94.1 
4 II H2SO4 100 Reg. 25 3.26 3.09 94.1 
5 II HgSO^ 100 Reg. 100 2.93 2.55 94.1 
6 I & II HCl 100 Reg. 25 1.82 1.62 90.7 
7 I & II H2SO4 25 Reg. 25 4.07 1.81 91,0 
8 I & II HgSO* 25 Extd, 100 3,31 1.65 90.7 
9 I & II H2SO4 100 Reg. 100 2.97 1.84 90.9 
10 I & II H2SO4 100 Extd. 100 2.43 1.62 90.6 
Pittsburgh No. 8 coal (-38 um.) 37.11^ 6.55^ 
11 II HCl 100 Reg. 25 24.77 5.03 95.4 
12 II H2SO4 25 Reg. 25 24.51 5,34 95.7 
13 I & II HCl 100 Reg. 25 17.36 2.41 92.3 
14 I & II H2SO4 25 Reg. 25 19.18 2.73 92.7 
Kittannins coal (-74 um.) 17.87^ 10.61^ — — 
15 II HCl 100 Reg. 25 9.44 7.70 89.0 
16 II *2304 25 Reg. 25 13.34 7.73 89.1 
17 II H2SO4 100 Reg. 100 10.05 8.01 89.2 
18 I & II HCl 100 Reg. 25 2.38 1.49 85.0 
19 I & II HgSO* 25 Reg. 25 5.69 1.93 85.3 
20 I & II H2SO4 25 Extd. 100 5.20 1.60 85.1 
21 I & II H2SO4 100 Reg. 100 3.21 1.96 85.3 
22 I & II HgSO* 100 Extd. 100 2.74 1.55 85.1 
N3 
6; 
15 g. coal and 120 ml. of 1,0 M NagCOg solution treated by one-step or two-step leaching 
process (Step I: 150°C, 1 hr., 13.6 atm. 0^ pressure; Step II; 250°C, 1 hr., under N^). 
^3 g. alkali—treated coal mixed with 300 ml. of 2.0 M HCl or 1.8 M HgSO^ for 30 min. 
^Regular washing: acid-treated filter cake washed with 600 ml. water. Extended washing: acid-
treated coal soaked for 30 min. in boiling water, filtered, and washed with 600 ml. boiling water. 
*^Properties of untreated raw coal. 
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A second theory is that sulfate ions react with sodium hydroaluminosilicate 
compounds in treated coal to form tamarugite. This mineral was found in 
the residue after kaolinite was leached with alkali and then washed with 
sulfuric acid. The X-ray pattern from this experiment is shown in Figure 
15. A third theory is that sulfuric acid reacts with hydroxyl groups 
attached to the organic coal matrix to form alkyl hydrogen sulfate 
(ROSO^H). The reaction can be expressed as 
ROH + t H3O"'" + ROSO^H (82) 
where R stands for any hydrocarbon groups. The detailed mechanism of this 
reaction has been discussed in a textbook by Noller (130). This mechanism 
may explain the results shown in Tables 11 and 12 where the sulfur content 
of sulfuric acid-leached coal increased tremendously. Since tamarugite is 
soluble in hot water and the preceding reaction is reversed by an increase 
in temperature, an increased in the sulfur content of acid-washed coal 
should be prevented by carefully washing the treated coal with hot water. 
As the results in Table 27 indicate, a cleaner product was usually 
obtained by washing with hydrochloric acid than by washing with sulfuric 
acid for both the one-step alkaline leaching treatment and two-step pre-
oxidation/alkaline leaching treatment. When the leached coal was washed 
with cold sulfuric acid, the ash content was reduced less generally than 
when it was washed with hot acid. Also, extended washing with hot water 
had little effect when cold acid was employed. From X-ray diffraction 
analysis, it was apparent that cold acid did not completely remove 
analcime and hematite which resulted in a higher ash content. When the 
leached coal was washed with hot sulfuric acid and then by an extended 
247 
washing procedure with hot water, the results approached those achieved 
by washing with hot hydrochloric acid. This effect can be seen in the 
case of Illinois No. 6 coal by comparing the results of run 10 with those 
of run 6 and in the case of Lower Kittanning coal by comparing the results 
of run 22 with those of run 18. When the leached coal was washed with hot 
sulfuric acid and then with water at room temperature using the regular 
washing procedure, an increase in coal sulfur content was noticed. This 
is the case of run 4 shown in Table 27. However, no tamarugite was 
observed in the X-ray pattern of the coal washed by sulfuric acid. 
It should be noted that the same leaching solution (1.0 M sodium 
carbonate) was used for both the preoxidation step and the alkaline 
leaching step for the series of two-step experiments shown in Table 27. In 
other words, at the end of the preoxidation step the solution was not re­
placed before the akaline leaching step was carried out. In the earlier 
set of experiments shown in Table 26, the preoxidation step was carried out 
with a 0.2 M sodium carbonate solution which was replaced with a fresh 1.0 
M sodium carbonate solution for the alkaline leaching step. A comparison 
of the results of runs 6, 13, and 18 in Table 27 with the results of 
corresponding runs in Table 26 shows that a cleaner product was obtained 
when a different alkaline solution was used for each step than when the 
same solution was used for both steps. However, the recovery of organic 
matter was slightly higher when the same solution was used for both steps. 
Effect of other leaching conditions Except for the high-ash content 
Pittsburgh No. 8 coal, the Ames super clean coal process proved very 
effective in removing ash-forming mineral matter including iron pyrites 
in the preceding experiments. Since most of the ash-forming mineral 
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matter remaining in the treated Pittsburgh No. 8 coal seemed to be illite 
and amorphous silica, increasing the solubility of silica in the alkaline 
leaching solution would improve ash removal. Therefore, measures such as 
alkali concentration, pulp density (or slurry concentration), and leaching 
temperature which could influence the solubility of silica were investigated 
in the following set of experiments with Pittsburgh No. 8 coal. 
To evaluate the effect of alkali concentration, 15 g. portions of 
Pittsburgh No. 8 coal (-38 ym.) were leached with 120 ml. of sodium 
carbonate solution in different concentrations (1.0 M, 2.0 M, and 3.0 M) 
at 250°C for 1 hr. The leached coal was then washed with hot hydrochloric 
acid and then with water at room temperature. As the results in Table 28 
indicate, increasing the alkali concentration from 1.0 M to 3.0 M increased 
the reduction in ash content from 33% to 50% and the reduction in total 
sulfur content from 23% to 27% while the recovery of coal declined only 
very slightly (95.7% to 94.4%). These results tend to agree with the 
results obtained in leaching pure quartz, that is, increasing the mole 
ratio of alkali to quartz favored the dissolution of quartz which resulted 
in a lower ash content for the final product. 
To study the effect of changing pulp density, different amounts of 
Pittsburgh No. 8 coal (15 g., 7 g., and 3 g.) were leached with 120 ml. of 
1.0 M sodium carbonate solution at 250°C for 1 hr. The results are also 
shown in Table 28. The reduction in ash content increased from 33% to 
63% to 77% as the amount of coal was reduced from 15 g. to 7 g. to 3 g., 
but the recovery of coal remained nearly the same (94% to 96%). The drop 
in ash content was probably due to the more complete dissolution of quartz 
as the slurry concentration was reduced. Therefore, the dissolution of 
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Table 28. Effect of pulp density and alkaline leaching conditions on 
desulfurization and deashing of Pittsburgh No, 8 coal 
Si b 
Feed weight Alkaline leaching Washed product 
of coal. Concen., Temp., Ash, Total S, Coal 
g. M °C wt. % daf wt, % recov., % 
Untreated — 37.11^ 6.55^ — 
15 1.0 250 24.77 5.03 95.7 
15 2.0 250 20.33 4.77 94.2 
15 3.0 250 18.65 4.80 94.4 
15 1.0 300 18.13 2.96 89.1 
7 1.0 250 13.66 3.89 94.6 
7 1.0 300 8.56 2.45 88.5 
7 1.0 350 4.66 2.06 79.3 
3 1.0 250 8.34 3.72 93,8 
^Coal leached with 120 ml. of Na^CO^ solution for 1 hr. under an 
inert atmosphere. 
^3 g. alkali-leached coal mixed with 300 ml. of 2.0 M HCl at boiling 
temperature for 30 min. Then, acid-treated filter cake was washed with 
600 ml. water at room temperature. 
^Properties of untreated raw coal. 
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quartz seemed to be controlled by the solubility limit for quartz. The 
slurry concentration also had an effect on desulfurization. The reduc­
tion in total sulfur content increased from 23% to 41% to 43% as the 
amount of coal was reduced from 15 g. to 7 g. to 3 g. 
The alkali concentration had little effect on the removal of pyritic 
sulfur from coal when 15 g. portions of coal were leached with sodium 
carbonate solutions having different concentrations at 250°C for 1 hr. 
On the other hand, when the leaching temperature was increased from 250°C 
to 300°C while the alkali concentration (1.0 M) and other conditions were 
kept the same, the removal of both ash-forming mineral matter and sulfur 
increased significantly, but the recovery of coal declined from 95.7% to 
89.1%. The overall reduction in ash content increased from 33% to 51% and 
in sulfur content from 23% to 55%. Therefore, a higher leaching temperature 
favors not only the dissolution of quartz but also the conversion of iron 
pyrites to acid-soluble compounds. Since leaching temperature was found to 
have a strong influence on coal deashing and desulfurization, 7 g. portions 
of Pittsburgh No. 8 coal were leached with 120 ml. of 1.0 M sodium 
carbonate solution for 1 hr. at temperatures ranging from 250 to 350°C to 
further investigate the effect of temperature. The results shown in Table 
28 indicate that higher leaching temperatures resulted in higher ash and 
sulfur reductions but also reduced coal recovery noticeably. When a 
leaching temperature of 350°C was employed, the ash and sulfur contents of 
Pittsburgh No. 8 coal were reduced to 4.66% and 2.06%, respectively. These 
changes corresponded to a reduction of 87% in ash content and 69% in 
sulfur content. Although these reductions were heartening, the recovery 
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of coal was only 79%. Consequently, there was a trade-off between the 
ash and sulfur removal and recovery of organic matter. 
Combining chemical and physical cleaning methods Since it proved 
very difficult to prepare super clean coal by chemical leaching alone, 
especially from high-ash content coal, consideration was given to combining 
chemical cleaning with physical cleaning. Preliminary physical separation 
of ash-forming mineral matter from coal would be a very economical way of 
reducing the burden on chemical cleaning. Therefore, a physical cleaning 
method was utilized in conjunction with chemical leaching in the final set 
of experiments for producing very low-ash and low-sulfur coal. Two coals, 
Illinois No. 6 and Pittsburgh No. 8, were first precleaned by a physical 
separation process and then treated by the one-step alkaline leaching 
method or the two-step preoxidation/alkaline leaching process. Sub­
sequently, the leached coals were washed with hot hydrochloric acid and 
cold water. For comparison, the results are listed in Table 29 together 
with the results of previous leaching experiments involving raw coals which 
had not been precleaned. 
Physical precleaning involved mixing the ground coal with perchloro-
ethylene and water, allowing the suspension to settle, and separating the 
two liquid layers. The coal macérais tended to concentrate in the 
perchloroethylene layer whereas the minerals tended to concentrate in the 
water layer. This procedure was repeated five times with each coal which 
was precleaned. Approximately 87% of the Illinois No. 6 coal and 78% of 
the Pittsburgh No. 8 coal were recovered during precleaning. These values 
are expressed on a dry, ash-free basis. As Table 29 indicates, very low 
ash contents were achieved with either the one-step (AAL process) or 
Table 29. Effect of coal precleaning on results of leaching experiments^ 
Coal 
form 
Leaching 
steps Ash, 
wt. % 
Washed product 
Total S, 
daf wt. % 
Coal ^ 
recov., % 
Illinois No. 6 coal (-74 Pm.) 
Raw — 12.75^ 
Precleaned — 4.92^ 
Raw II 2.61 
Precleaned II 0.49 
Raw I & II 1.82 
Precleaned I & II 0.41 
Pittsburgh No. 8 coal (-38 ymi.) 
Raw — 37.11® 
Precleaned — 6.20® 
Raw II 24.77 
Precleaned II 0.88 
Raw I & II 17.36 
Precleaned I & II 0.76 
3.71 
2.83® 
2.40 
1.81 
1.63 
1.35 
6.55® 
3.67® 
5.03 
2.55 
2.41 
1.92 
94.0 
94.8 
90.7 
92.2 
95.4 
95.3 
92.3 
93.1 
^Coal precleaned by the Dow process. 
^15 g. coal and 120 ml. of 1.0 M NagCO^ solution treated by one-step or two-step leaching process 
(Step I: 150°C, 1 hr., 13.6 atm. 0^ pressure; Step II: 250°C, 1 hr., under N^). 
^3 g. alkali-treated coal mixed with 300 ml. of 2.0 M HCl at boiling temperature for 30 min. and 
then washed with 600 ml. water at room temperature. 
^Coal recovery (on a dry, ash-free basis) is for chemical leaching step alone (not including 
physical precleaning). 
^Properties of untreated raw coal. 
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two-step (Ames super clean coal process) leaching methods when physically 
precleaned coals were used. The ash content of Illinois No. 6 coal was 
reduced to less than 0.5% and that of Pittsburgh No. 8 coal to less than 
0.9% by either method. Thus, by using a combination of physical and 
chemical cleaning the ash content of Illinois No. 6 coal was reduced 96% 
and the ash content of Pittsburgh No. 8 coal 98%. The combination of 
physical and chemical cleaning was particularly effective in the case of 
Pittsburgh No. 8 coal, since even the Ames super clean coal process by 
itself could only reduce the ash content of this coal by one-half. Com­
bined physical and chemical cleaning also achieved lower total sulfur 
contents than was achieved by either method alone. Physical precleaning 
made more of a difference when it was followed by the AAL process than by 
the Ames super clean coal process. However, the lowest sulfur content was 
achieved when the Ames super clean coal process was applied to precleaned 
coal. Application of this combination reduced the total sulfur content by 
more than 60% in the case of either Illinois No. 6 or Pittsburgh No. 8 
coal. 
Magnetic Cleaning of Chemically Treated Coals 
Since the magnetic properties of iron pyrite and several other minerals 
found in coal differ slightly from those of the organic matter, there is a 
possibility of separating these ash-forming components from coal by 
magnetic methods. However, the separation is not satisfactory with conven­
tional low-intensity magnetic separators because of the small difference in 
magnetic susceptibility of coal itself and coal minerals. The weakly 
paramagnetic coal minerals can be separated from the diamagnetic coal 
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substance only by high gradient and/or high intensity magnetic separation 
(109). The paramagnetism of the coal minerals, pyrite in particular, can 
be enhanced by partial conversion into ferromagnetic material such as 
monoclinic pyrrhotite, maghemite, or magnetite. The enhanced magnetism 
facilitates the removal of iron pyrite from coal by simple low-intensity, 
low-gradient magnetic separation. Based on the experimental results shown 
in a previous section, pyrite was converted to magnetic forms of iron 
oxide by leaching it under either Ames oxydesulfurization conditions or 
high-temperature alkaline leaching conditions under an inert atmosphere. 
Therefore, it may be economically advantageous to partially leach the 
pyrite under either set of conditions and then remove the incompletely 
reacted pyrite particles by magnetic separation. This combination would 
be especially favorable if highly magnetic forms of iron oxide such as 
maghemite or magnetite are produced during the leaching step because a 
very low-cost type of magnetic separator could be employed. 
Low-temperature oxidative pretreatment 
Previous work on the Ames oxydesulfurization process has shown that 
sulfur can be extracted rapidly and completely from microcrystalline 
pyrite by a hot alkaline solution containing dissolved oxygen (39). How­
ever, large particles of pyrite are incompletely extracted in a short 
time because the reaction is slowed by the formation of insoluble reaction 
product around the partially reacted particles. The reaction product which 
causes the reaction rate to diminish is hematite. Since the magnetic 
susceptibility of hematite is several times greater than that of pyrite, 
it would be much easier to remove these partially reacted particles by magnetic 
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means than it would be to remove the virgin pyrite. In the following study, 
various oxidation treatments were applied to produce magnetic forms of 
iron oxide. Pyrite concentrates were utilized in the initial set of 
experiments. After the pyrite had been leached, the magnetic suscepti­
bility of the residue was measured. Leaching conditions which produced 
a magnetic product were then applied to coal having a high pyrite content. 
In the first set of experiments, coal-derived pyrite was leached under 
the Ames oxydesulfurization conditions. In addition, pyrite was treated 
under very mild conditions with a sodium carbonate solution at 80°C through 
which air was bubbled for 1 or 2 hr. The total sulfur content of untreated 
and treated pyrites was determined with a Fisher sulfur analyzer. Moreover, 
the magnetic susceptibility of untreated and treated pyrites was determined 
by using the Faraday method at the Ames Laboratory (23). All the experi­
mental conditions and analytical results are shown in Table 30. The un­
usually high susceptibility of the untreated pyrite was probably due to the 
presence of magnetic impurities in the pyrite crystals. According to these 
results, it is apparent that part of the pyrite was converted to a more 
magnetic product under Ames oxydesulfurization conditions and the magnetic 
susceptibility of the particle was increased by a factor of four. An 
X-ray diffraction pattern confirmed the presence of both unreacted pyrite 
and reaction product, hematite. However, the highly magnetic forms of 
iron oxide (e.g., maghemite) were not detected in the final reaction 
product under Ames oxydesulfurization conditions. 
When pyrite was leached with an aerated alkaline solution at 80°C for 
1 or 2 hr., the oxidation rate of the pyrite was very slow and the total 
sulfur content of the pyrite was reduced very little. However, it is 
257 
Table 30. Properties of coal-derived pyrite (-542/+248 ym.) treated by 
chemical oxidation 
Leaching conditions Properties of treated pyrite 
Time, Gas Weight Total S, iMagnetic 
hr. phase recov., wt. % suscept. 
% emu/g X 10^ 
Untreated —— 37.1 11.34 
1 «2° 74.0 16.5 47.29 
1 Air^ 92.5 36.5 8.31 
2 Air^ 88.5 36.6 12.73 
5 g. pyrite leached with 400 ml. of 0.2 M Na„CO„ solution at 150 C 
3 
for 1 hr. under 13.6 atm. oxygen pressure and gas flow rate of 11.8 cm /s. 
^5 g. pyrite leached with 400 ml. of 0.2 M Na„CO„ solution at 80°C for 
3 
1 or 2 hr. under 1.5 atm. air pressure and gas flow rate of 25 cm /s. 
interesting to note that the magnetic susceptibility of pyrite treated for 
1 hr. decreased slightly but then increased somewhat when the treatment was 
prolonged for another hour. A definite explanation can not be offered at 
present. One possibility is that the surface of the pyrite may have been 
oxidized initially to form an intermediate product with a lower magnetic 
susceptibility and then converted gradually to hematite by the oxidative 
treatment. In a study of the formation of insoluble iron oxide coatings 
during the alkali pressure leaching of pyrite, Burkin and Edwards (31) found 
that a film of metastable iron hydroxide formed initially and adhered to 
the particle surface. The nature of the iron hydroxide coatings was 
examined in detail by electron microprobe analysis. However, after 
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prolonged leaching of pyrite, the oxidation products were identified as 
maghemite and hematite by X-ray diffraction analysis. 
In order to determine whether an intermediate product is formed 
during the Ames oxydesulfurization process, pyrite was treated again under 
mild conditions but using pure oxygen instead of air. When coal-derived 
pyrite was leached with a dilute sodium carbonate solution through which 
oxygen was bubbled at 80°C, the desulfurization of pyrite was generally 
impeded by the formation of an impermeable reddish brown coating on the 
pyrite surface. The initial pyrite coating was easily dissolved by a weak 
acid such as acetic acid and the filtrate was found to contain Fe ions 
when a few drops of potassium thiocyanate (KSCN) indicator were added. 
However, under standard Ames oxydesulfurization conditions (13.6 atm. O^, 
150°C), pyrite was usually converted to hematite which could only be 
dissolved by a strong acid. Thus, under mild leaching conditions the 
initial pyrite coating was not hematite. The coating could have been 
ferric hydroxide. Under Ames oxydesulfurization conditions ferric hydroxide 
may be produced initially and then undergo rapid dehydration because of the 
higher temperature to form hematite. Ferric hydroxide could not be iden­
tified positively as the initial product coating by X-ray diffraction 
analysis because of its amorphous structure. Application of X-ray photo-
electron spectroscopy or so-called electron scattering for chemical analysis 
(ESCA) also failed to confirm the presence of ferric hydroxide. Therefore, 
it was not possible to show that an intermediate product is formed in 
converting pyrite to hematite during the Ames oxydesulfurization process. 
In the next set of experiments. Lower Kittanning "A" coal was used to 
study the possibility of using magnetic means to desulfurize and deash 
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pretreated coal. The coal was pretreated under the same conditions as 
those employed above to treat coal-derived pyrites. Since the magnetic 
susceptibility of coal-derived pyrite was enhanced only by a small factor 
by the oxidative pretreatment, the subsequent separation of partially 
reacted pyrite from pretreated coal would be very difficult or impossible 
with a conventional low-intensity magnetic separator. Therefore, a Frantz 
isodynamic separator (an open-gradient, high-intensity magnetic separator) 
was used in the dry mode for this study. In order to eliminate electro­
static particle agglomeration problems, coarse-sized coal (-542/+248 ym.) 
was used to facilitate dry magnetic separation. The proportion of sulfur 
and ash-forming mineral matter removed chemically and the proportion 
removed magnetically were determined and are shown in Table 31. The over­
all recovery of coal on a dry, ash-free basis for the two-step process is 
also listed in this table. The results indicate that the magnetic 
susceptibility of coal treated by the Ames oxydesulfurization process was 
increased fivefold. In addition, the magnetic susceptibility of coal pre­
treated by an aerated alkaline solution for 1 hr. decreased but when the 
treatment was extended to 2 hr. the magnetic susceptibility increased. 
The changes in magnetic susceptibility of Lower Kittanning "A" coal 
produced by the different conditions were consistent with those observed 
for coal-derived pyrite. 
The experimental data also show that both the sulfur content and ash 
content of pretreated coal were reduced significantly by subsequent 
magnetic separation. Over 60% of the ash-forming mineral matter and 70% 
of the total sulfur (or approximately 90% of the pyritic sulfur) were 
removed from Lower Kittanning "A" coal by a combination of the Ames 
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Table 31. Properties of pretreated Lower Kittanning "A" coal and 
magnetically-cleaned products 
Leaching 
conditions Pretreated coal Magnetically-cleaned product 
Time, Gas 
hr. phase 
Ash, 
wt. % 
Total S, 
daf wt. % 
Magnetic 
suscept. 
emu/g X 10 
Ash, 
wt. % 
Total S, 
daf wt. % 
Coal 
recov., % 
Untreated 13.8 3.09* 0.55 5.61 1.37 88 
14.7 1.39 2.67 5.19 0.76 78 
1 Air^ 12.6 2.30 0.31 5.64 1.03 85 
2 Air^ 13.0 2.11 0.66 5.68 1.01 83 
^Sulfur distribution (on daf wt. % basis): organic (0.57%), pyritic 
(2,47%), and sulfate (0.05%). 
^40 g. coal leached with 400 ml. of 0.2 M Na„CO» solution at 150°C 
3 
for 1 hr. under 13.6 atm. oxygen pressure and gas flow rate of 11.8 cm /s. 
*^40 g. coal leached with 400 ml. of 0.2 M Na^CO^ solution at 80°C 
for 1 or 2 hr. under 1.5 atm. air pressure and gas flow rate of 25 cm^/s. 
oxydesulfurization method and subsequent magnetic separation. When the 
milder oxidation treatment was used, the overall reduction in sulfur 
content by the two steps was slightly less than before but coal recovery 
was greater. Although more than half of the ash-forming mineral matter 
was removed from coal by the magnetic method, the final product still had 
an ash content of about 5%. Based on X-ray diffraction analysis, most of 
the ash-forming minerals left in the final product were kaolinite and 
quartz which are weakly paramagnetic materials. Some of these results were 
encouraging; however, magnetic separation was carried out with a separator 
having a high field strength which could remove most of the pyrite even 
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from untreated coal. Since magnetic separation is especially economical 
and effective for the removal of highly magnetic forms of iron oxide such 
as maghemite but not hematite, further study should be given to the 
conversion of pyrite to maghemite. 
High-temperature alkaline leaching pretreatment 
Investigation of the combined alkali leaching and acid washing process 
(AAL) showed that most of the ash-forming mineral matter could be removed 
from fine-size coal by leaching with a hot sodium carbonate solution under 
pressure following by washing with a dilute mineral acid. Unfortunately, 
iron pyrites are not leached rapidly by sodium carbonate solutions under an 
inert atmosphere. However, previous work on the AAL process also showed 
that magnetite formed on the surface of partially reacted pyrite when coal 
was leached at high-temperature with alkali under non-oxidizing conditions. 
Since magnetite is a highly magnetic compound, the separation of partially 
converted pyrite from chemically leached coal would be greatly facilitated. 
Therefore, the difficulty of removing pyrite from coal by the AAL process 
could be circumvented by interposing a magnetic separation step between 
the alkaline leaching step and the acid washing step. The three-step 
process involving high-temperature alkali-leaching, wet magnetic separation, 
and acid washing of the non-magnetic fraction is called the AMA process. 
In the following study, the effects of various alkaline leaching conditions 
were determined on the production of magnetite during leaching of coal with 
a high pyrite content. The formation of magnetite was identified and 
characterized by X-ray diffraction analysis. Then, the magnetic separation 
of partially leached pyrite particles from alkali-leached coal was 
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demonstrated with two different magnetic separators. One of the separators 
was a small, simple, low-intensity magnetic separator having a permanent 
magnet which produced a maximum field strength of about 1200 Gauss. The 
other separator was a laboratory model, high-intensity magnetic separator 
having an electromagnet which produced a maximum field strength of about 
14 K. Gauss. Both magnetic separators were used in the wet mode for the 
present study. In addition, the effect of coal particle size on magnetic 
desulfurization and on coal recovery was also investigated. Finally, the 
best conditions for the AMA process were applied to several other coals 
to demonstrate the general applicability of the process. 
Using low-intensity magnetic separator It may be recalled that 
Ergun and Bean (54) concluded that by converting only 0.1% pyrite to 
magnetite, the magnetic susceptibility of the composite material would be 
enhanced by approximately fifty times which would facilitate the separation 
of pyrite from coal and permit using a low-intensity magnetic separator. 
Therefore, if only a small fraction of each pyrite particle in coal could 
be converted to magnetite by alkali leaching, the cost of magnetic separa­
tion could be greatly reduced. To investigate this possibility, a small, 
low-intensity magnetic separator was used initially. To determine the 
effect of leaching temperature on the production of highly magnetic com­
pounds and the overall efficiency of desulfurization and deashing of coal 
by the AMA. process, -74 ^ m. Lower Kittanning coal was leached with a 1.0 M 
sodium carbonate solution at temperatures of 200, 250, 300, 330, and 360°C 
for periods ranging from 30 to 60 min. under an inert atmosphere. The 
leached coal was then subjected to wet magnetic separation. Finally, the 
non-magnetic fraction (tails) was treated with acid and washed with water. 
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For comparison, part of the alkali-leached coal was treated directly with 
hydrochloric acid, as in the AAL process. The ash and sulfur contents of 
the coal before and after each step in the sequence were analyzed. The 
recovery of coal on a dry, ash-free basis was also calculated for both 
the AMA and AAL processes. In addition, the reaction products for each 
step of the AMA process were identified by X-ray diffraction analysis to 
monitor the phase transformations of pyrite and other ash-forming minerals 
in coal. All the experimental conditions and results are shown in Table 
32. The sulfur distribution for Lower Kittanning coal on a dry, ash-free 
basis was: organic (1.80 wt. %), pyritic (8.53 wt. %), and sulfate (0.28 
wt. %). 
In order to see whether the low-intensity magnetic separator used in 
this study would have any effect on untreated coal, some untreated Lower 
Kittanning coal was subjected to magnetic separation in an initial run. 
The data in Table 32 indicate that the magnetic separation step had little 
effect on the untreated coal. The reduction in ash and sulfur contents of 
the washed non-magnetic product was mainly due to the removal of acid-
soluble minerals from coal by hot hydrochloric acid. In subsequent runs 
where the coal was leached, the magnetic separation step appeared to have 
a significant effect on cleaning of the coal. The alkaline leaching step 
alone reduced the total sulfur content from 10.61 wt. % for the untreated 
coal to between 9.19 and 3.12 wt. % for the leached coal depending on the 
leaching temperature. However, the leaching step did not reduce the ash 
content of the coal but actually increased it. The ash content was 
increased from 17.87 wt. % for the untreated coal to between 19.3 and 
25.6 wt. % for the leached coal. Adding the magnetic separation and 
Table 32. Effect of low-intensity magnetic separation on desulfurizing and deashing of several 
alkali-leached coals 
Alkaline leaching 
conditions^ 
Alkali-leached 
coal 
Time, 
min. 
Temp. 
°C 
Ash, 
wt. % 
Total S, 
daf wt. % 
Magnetic 
separation 
step Ash, 
wt. % 
Washed product 
Total S, 
daf wt. % 
Coal 
recov., 
Lower Kittanning coal (--74 pm.) 17.87^ 10.61^ 
Yes 14.93 10.28 97.1 
60 200 19.3 9.19 Yes 9.47 7.42 90.5 
No 11.54 8.46 92.2 
60 250 21.1 8.29 Yes 6.25 5.95 81.6 
No 8.97 7.65 88.0 
60 300 25.6 5.36 Yes 4.69 3.32 69.4 
No 7.06 4.72 85.5 
40 330 25.6 3,13 Yes 3.28 2.03 64.0 
No 4.31 2.88 81.4 
30 360 24.5 3.12 Yes 1.42 1.99 48.1 
No 3.22 2.85 82.8 
Lower Kittanning coal (-•38 Um.) — 18.44^ 10.24^ — — 
60 300 22.5 4.27 Yes 5.34 3.72 81.4 
No 6.15 4.23 85.4 
40 330 24.6 2.78 Yes 3.39 2.27 76.5 
No 3.72 2.62 82.1 
Illinois No. 6 coal (-38 um.) — 8.90^ 3.14^ 
40 220 17.1 1.78 Yes 1.01 1.63 75.9 
No 2.34 1.73 77.1 
Pittsburgh No. 8 coal (-38 um.) — 37.11^ 6.55C — 
40 330 46.2 2.48 Yes 14.81 2.37 74.5 
No 17.36 2.40 82.7 
Western Kentucky No. 11 coal (-74 um.) — — 9.01^ 3,91^ — 
40 330 14.6 1.91 Yes 0.81 1.82 70.3 
No 2.35 1,90 76.4 
Lovilia/ISU coal (-38 um,) — 8.24^ 2.65^ 
40 330 10.2 1.01 Yes 0.28 0.82 64.6 
No 1.30 0.99 71.4 
^15 g. coal leached with 120 ml. of 1.0 M NagCO^ solution under an inert atmosphere. 
^3 g. alkali-leached coal mixed with 300 ml. of 2.0 M HCl at boiling temperature for 30 min. 
followed by water washing (600 ml.) at room temperature. 
'^Properties of untreated coals. 
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acid-washing steps to the alkaline leaching step reduced the total sulfur 
content to between 7.42 and 1,99 wt. % and the ash content to between 
9.47 and 1,42 wt. %. It is apparent that most of the pyritic sulfur was 
removed from Lower Kittanning coal by the AMA process when the alkaline 
leaching step was conducted at temperatures above 330°C. A comparison of 
the results achieved with and without the magnetic separation step 
demonstrated the effectiveness of magnetic separation. According to the 
data shown in Table 32, a higher leaching temperature favored the removal 
of ash-forming minerals and sulfur-bearing species from coal by the AMA 
process. This trend seems reasonable since a high leaching temperature 
favored the conversion of pyrite to magnetite (and/or hematite) and the 
conversion of other ash-forming minerals to acid-soluble compounds. This 
explanation is supported by the following X-ray diffraction study. 
The X-ray diffractograms of the magnetic fraction (mags) of the alkali-
leached coal treated at temperatures from 200 to 360°C are compared in 
Figure 28. For comparison, the X-ray pattern of control material (untreated 
Lower Kittanning coal) is also shown in Figure 28. At 200°C, pyrite was 
the principal constituent of the mags, although small amounts of natrodavyne 
(NC), quartz, calcite, hematite, and trace amounts of magnetite were also 
present. At temperatures ranging from 250 to 360°C, the diffractogram 
peaks for natrodavyne (N), calcite, pyrite, hematite, and magnetite were 
more pronounced. Furthermore, the height of the pyrite peaks decreased 
and the height of the hematite and magnetite peaks increased in the X-ray 
diffractograms as the leaching temperature was raised. It is interesting 
to note that besides magnetite and hematite, a significant amount of 
pyrrhotite was also formed when the leaching step was conducted at 360°C. 
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(a) Control 
(b) 200^0, 1 hr. 
(c) 250"C. 1 hr. 
40 30 20" 
Two theta (degrees ) 
Figure 28. X-ray patterns for the magnetic fraction of Lower Kittanning 
coal leached with 1.0 M Na^CO^ at different temperatures 
for various times under an inert atmosphere 
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(d) 300°C, 1 hr. 
(e) 330°C, 4o min. 
W»| M 
T 
h*###' 
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(f) 360*0, 30 min. 
Two thêta ( degrees ) 
Figure 28. Continued 
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These results are consistent with results found in the individual mineral 
study which has been discussed in the previous section. 
Theoretically, the additional magnetite formed at a higher leaching 
temperature would enhance the magnetic susceptibility of the partially 
reacted pyrite and thus facilitate the separation of the material from 
coal. The experimental results appear to agree with this theory. How­
ever, the recovery of organic matter from the magnetic separation step 
decreased significantly with increasing leaching temperature. For example, 
only 58.1 wt. % (dry, ash-free basis) of the coal leached at 360°C for 
30 min. was recovered during the magnetic separation step alone. The rest 
of the organic matter was retained in the magnetic matrix of the separator. 
The loss was probably due to a strong tendency for magnetic particles of 
coal to agglomerate within the matrix, which interferes with particle 
separation. To increase the recovery of organic material, the leached 
coal could be ground to liberate the magnetic components before magnetic 
separation. Alternatively, the raw coal could be ground finer before 
leaching to liberate more pyrite particles. The last alternative was 
investigated by ball-milling Lower Kittanning coal to -38 ym. size and 
then using it in two leaching and separation experiments. The results 
presented in Table 32 show that the recovery of organic matter was signifi­
cantly higher for the finely ground coal compared to the coarser coal, but 
the ash and sulfur contents were also slightly higher as well. Therefore, 
there is a trade-off between the sulfur and ash reduction and the recovery 
of organic matter. Optimum conditions for the AMA process should be 
established more accurately through further research. 
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To further demonstrate the general applicability of the AMA. process 
for desulfurizing and deashing coal, four other coals (Illinois No. 6, 
Pittsburgh No. 8, Western Kentucky No. 11, and Lovilia/ISU) were used in 
the following set of experiments. The sulfur distribution of these coals 
is presented in Table 2. The coals were first leached with a 1.0 M sodium 
carbonate solution at 330°C for 40 min. under a nitrogen atmosphere, and 
then cleaned by magnetic separation and acid treatment. The ash and sulfur 
contents of the coal were determined after each step of both the AMA and 
AAL processes. The composition data and overall recovery of coal on a 
dry, ash-free basis for each process are presented in Table 32. It is 
apparent that both the ash and sulfur reductions achieved by the AMA 
process were consistently larger than those achieved by the AAL process for 
all four coals. The extremely low ash contents for Illinois No. 6 coal 
(1.01 wt. %), Western Kentucky No. 11 coal (0.81 wt. %), and Lovilia/ISU 
coal (0.28 wt. %) were produced by the AMA process. In the case of 
Pittsburgh No. 8 coal with a very high ash content, over 60% of the ash-
forming material was removed by the AMA process. Furthermore, the final 
total sulfur content of each of the washed coals was consistently lower than 
the initial organic sulfur content of the untreated coal. These results 
imply that most of the pyritic sulfur and part of the organic sulfur were 
removed from all four coals by the AMA process. Among these coals, the 
highest overall recovery by the AMA process was 75.9% for Illinois No. 6 
coal while the lowest overall recovery of coal was 64.6% for Lovilia/ISU 
coal. 
The X-ray diffractograms for untreated Illinois No. 6 coal (control 
sample) and the products for each step of the AMA process are compared in 
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Figure 29. Two major inorganic phases, natrodavyne (N) and calcite, were 
identified in the alkali-leached coal. These two minerals were also found 
in the mags together with magnetite, a predominant product, and small 
amounts of hematite and unreacted pyrite. From the X-ray diffractogram 
for the mags, it is obvious that magnetite was formed significantly during 
the high-temperature alkaline leaching step and then removed effectively 
from the leached coal by magnetic separation. The X-ray diffractogram for 
the tails was very similar to that of the leached coal. Only two inorganic 
compounds, natrodavyne (N) and calcite, were found in the tails. As 
expected, no major peaks were observed in the X-ray diffractogram for the 
acid-washed tails. This result is consistent with the low ash content 
(1.01 wt. %) of the tails or final product. 
The X-ray diffractograms for untreated Pittsburgh No. 8 coal (control 
sample) and products from the different steps of the AMA process are 
presented in Figure 30. The diffractogram for the leached coal revealed 
another sodium aluminosilicate compound (analcime) in addition to 
natrodavyne (N). Although magnetite was found in the magnetic fraction of 
the leached coal, the predominant component was natrodavyne (N). Again, 
the diffractogram for the tails was almost the same as that for the alkali-
leached coal. The small peaks observed in the diffractogram for the acid-
washed tails were due to unreated illite. The large, broad peaks in the 
diffractogram for the tails are believed due to amorphous silica which 
seemed to account for the high ash content (14.81 wt. %) of the final 
product. 
Using high-intensity magnetic separator In order to investigate 
the possible advantage of using a high-intensity magnetic separator instead 
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a) Control 
(Id) 1 M NagCOj, Ng, 
330°C, 40 min 
(c) Mags of (b) 
(d) Tails of (b) 
(e) (d) + HCl 
30 5B" 
Two theta (degrees) 
Figure 29. X-ray patterns for untreated Illinois No. 6 coal and the 
products of the various steps of the AMA process 
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a) Control 
(b) 1 M NagCOg, Ng 
330®C,40 min. 
Two theta ( degrees ) 
Figure 30. X-ray patterns for untreated Pittsburgh No. 8 coal and 
the products of the various steps of the AMA process 
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Figure 30. Continued 
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of a low-intensity magnetic separator to clean alkali-leached coal, a 
laboratory-scale magnetic separator having an electromagnet which could 
produce a maximum field strength of 14 K. Gauss was used for the following 
experiments. Except for using a different magnetic separator, the experi­
mental procedure was exactly the same as used for the previous set of 
experiments. Lower Kittanning coal was leached with a 1.0 M sodium 
carbonate solution at temperatures of 250, 275, and 300°C for periods 
ranging from 15 to 120 min. to investigate the effects of leaching time 
and temperature on coal desulfurizing and deashing and coal yield achieved 
by the AMA process. In this study, wet magnetic separation was carried out. 
In addition, the effect of particle size was studied by using -147/+74 pm. 
Lower Kittanning coal in some experiments and ball-milled Lower Kittanning 
coal (-38 um.) in others. Several other bituminous coals were also treated 
by the AMA. process to demonstrate the applicability of high-intensity 
magnetic separation. The experimental conditions and results are shown in 
Table 33. 
For comparison, some unleached Lower Kittanning coal was subjected to 
magnetic separation in an initial run. The results indicate that a signifi­
cant amount of sulfur and ash-forming mineral matter could be removed from 
the unleached coal by high-intensity magnetic separation followed by acid 
washing. The recovery of unleached coal on a dry, ash-free basis subjected 
to magnetic separation alone was about 90%. When Lower Kittanning coal 
(-147/+74 ym.) was treated with a 1.0 M sodium carbonate solution at 
different temperatures (250, 275, and 300°C) for 1 hr., the results show 
that the reduction in both the total sulfur and ash contents achieved by 
the AMA process increased with increasing leaching temperature, but coal 
Table 33. Effect of high-intensity magnetic separation on desulfurizing and deashing of several 
alkali-leached coals 
Alkaline leaching^ Alkali-leached Magnetic Washed product^ 
conditions coal separation Ash, Total S, Coal 
Time Temp. * 9 Ash, Total S, step wt. % daf wt. % recov., % 
min. OC wt. % ! daf wt. % 
Lower Kittanning coal (-•147/+74 um. ) — — —  17.53^ 8.84^ — — 
— Yes 11,26 6.04 88.6 
60 250 19.5 6.81 Yes 4.83 3.61 77.2 
No 7,51 6.62 90.3 
120 250 20.6 6.45 Yes 3.91 3.02 70.3 
No 7.00 6.18 85.8 
60 275 19.3 4.48 Yes 4.23 2.68 75.5 
No 6.52 4.17 88.5 
15 300 18.3 4.04 Yes 4.83 2.07 75.9 
No 6.81 3.73 90.1 
30 300 18.8 3.85 Yes 4.25 2.03 73.5 
No 6.39 3.57 89.0 
60 300 19.9 3.06 Yes 3.03 1.95 71.6 
No 5.44 2.81 87.4 
Lower Kittanning coal (-•38 um. ) — — — 18.44^ 10.24= 
60 250 22.9 6.99 Yes 5.69 5.71 80.3 
No 7.89 6.70 87.2 
30 300 21.4 4.74 Yes 4.04 3.52 73.2 
No 6.85 4.55 86.6 
60 300 22.8 4.15 Yes 3.72 2.82 70.6 
No 6.11 3.65 85.1 
Illinois No. 6 coal (-147/+74 ym.) — 12.19^ 3,50^ — — 
30 300 16.9 2.21 Yes 1.56 1.73 80.8 
No 3.04 2.11 88.7 
Pittsburgh No. 8 coal (-147/+74 ym.) — — 37,32^ 7.08^ 
30 300 41.5 3.57 Yes 18.1 2.84 85.9 
No 22.3 3.35 91.2 
Western Kentucky No. 11 coal (-147/+74 ym.) — 8.09^ 3.83^ 
30 300 11.2 2.31 Yes 1.25 1.91 82.5 
No 2.76 2.19 87.3 
^15 g. coal leached with 120 ml. of 1.0 M Na^CO^ solution under an inert atmosphere. 
^3 g. alkali-leached coal mixed with 300 ml. of 2.0 M HCl at boiling temperature for 30 min. 
followed by water washing (600 ml.) at room temperature. 
'^Properties of untreated coals. 
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recovery declined gradually. In addition, both desulfurizing and deashing 
of coal were favored by a larger leaching time. For example, the total 
sulfur content of the washed product was reduced from 2.07 to 1.95 wt. % 
and the ash content from 4.83 to 3.03 wt. % when the leaching time was 
prolonged from 15 to 60 min. at 300°C. However, the overall recovery of 
coal declined from 75.9 to 71.6%. Furthermore, the data show that slightly 
more sulfur and ash-forming material were removed from the coarser Lower 
Kittanning coal (-147/+74 ym.) than from the finer coal (-38 ym.) by the 
AMA process, but the overall recovery of coal was about the same for both 
cases. The theory proposed by Trindade ^  al• (186) based on a force-
balance model showed there was an optimum particle size for magnetic separa­
tion. In the case of treated Lower Kittanning coal, it appeared that 
-147/+74 iim. size particles were more suitable for high-intensity magnetic 
separation than ball-billed coal (-38 pm.). Previous work by Chi (37) also 
indicated that alkali-treated -74 pm. coal was cleaned more effectively by 
high-intensity magnetic separation than ball-milled coal. However, further 
study is needed to find the optimum particle size for high-intensity mag­
netic separation. 
Based on the results obtained for Lower Kittanning coal, a leaching 
temperature of 300°C and residence time of 30 min. were chosen for leaching 
several other coals with a particle size range of 74 to 147 pm. The alkali-
leached coals were then treated by magnetic separation and acid washing. 
The results are shown in Table 33. Both the sulfur and ash contents of 
Illinois No. 6 coal and Western Kentucky No. 11 coal were reduced below 
2 wt. % by the AMA process. In addition, the overall recovery of coal was 
over 80% for both coals. In the case of Pittsburgh No. 8 coal, most of the 
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pyritic sulfur appeared to be removed by the AMA. process but the final 
ash content was still high. The same reasons mentioned above to explain 
the small percentage reduction in ash content when low-intensity magnetic 
separation was applied should also explain the small percentage reduction 
when high-intensity magnetic separation was used. 
Only a portion of the results shown in Tables 32 and 33 can be used 
to compare the effect of high-intensity versus low-intensity magnetic 
separation because the same leaching conditions were used for only one 
case. Only when -38 pm. Lower Kittanning coal was leached with a 1.0 M 
sodium carbonate solution at 300°C for 1 hr. can the results be used for 
comparing the two different magnetic separators. When the low-intensity 
magnetic separator was used for the magnetic separation step, the final 
sulfur and ash contents of the washed product were 3.72 and 5.34 wt. %, 
respectively, and about 81% of the coal was recovered in the overall AMA 
process. On the other hand, when the high-intensity magnetic separator 
was employed the final product contained 2.82 wt. % total sulfur and 
3.72 wt. % ash. However, the overall recovery of coal was only about 70%. 
Based on these results, it appeared that cleaner coal can be prepared with 
a high-intensity magnetic separator but with some sacrifice in yield. But 
more experimental work is needed to compare the efficiency of separation 
over a wide range of conditions. 
These experimental results with several bituminous coals have 
demonstrated that the total sulfur and ash contents can be reduced to a 
greater extent by using the AMA process than the AAL process. However, in 
order to determine optimum conditions for the AMA process to maximize 
removal of sulfur and ash-forming mineral matter and to minimize coal 
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losses, more research is needed. Generally, the most important factors 
affecting the efficiency of the AMA process are the particle size of the 
coal, alkaline leaching conditions including reaction temperature and 
residence time, concentration of the coal slurry, and type of magnetic 
separator employed. 
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CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
Ames oxydesulfurization process 
One of the objectives of this project was to determine the effective­
ness of the Ames oxydesulfurization process for removing organic sulfur 
from coal and to improve the effectiveness if possible. To achieve this 
objective, consideration had to be given to methods of analyzing organic 
sulfur in processed coals, since different methods of analysis provided 
different indications of the organic sulfur content. Another objective 
was to achieve a better understanding of the kinetics of organic sulfur 
removal. A further objective was to demonstrate the benefits of coupling 
the Ames oxydesulfurization process with various physical cleaning 
methods. Based on numerous laboratory experiments, the following conclu­
sions were reached: 
1. The Ames oxydesulfurization process was shown to remove almost 
all the sulfate sulfur and elemental sulfur as well as a large portion 
of the pyritic sulfur from several types of coal. However, the removal 
of organic sulfur varied substantially from coal to coal. Unfortunately, 
the indicated removal of organic sulfur varied with the analytical methods 
chosen. On the basis of wet chemical analysis (ASTM procedure), signif­
icant reductions in organic sulfur appeared to be achieved with Lovilia/ISU 
and Illinois No. 6 coals and a very large reduction for Lovilia/ROM coal. 
When a direct instrumental method (electron microprobe analysis) was used, 
a significant reduction in the organic sulfur content was demonstrated, at 
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the 95% confidence level, for the Lovilia/lSU and Illinois No. 6 coals 
but not for the Lovilia/ROM coal. 
2. Different acid extraction procedures pointed to possible changes 
in the mineral components and in the organic matrix itself caused by 
the chemical desulfurization treatment. Such changes seemed to affect 
the sulfur distribution values obtained by the ASTM method of analysis. 
In particular, the extraction with cold nitric acid to determine the 
sulfur distribution of chemically processed coal was affected by changes 
in the mineral content. Moreover, coal samples extracted with nitric 
acid had a significantly larger nitrogen content. 
3. Different forms of organic sulfur cannot be leached from coal 
by the same reaction conditions. It appeared that thiols, disulfides, 
and benzylic sulfides are more amenable to oxydesulfurization than sul­
fides, thiophenes, and condensed thiophenes (36). Therefore, the efficiency 
of organic sulfur removal strongly depends on the nature and distribution 
of the organic sulfur functional groups present in coal. 
4. The removal of organic sulfur was not improved by adding a second 
leaching step at higher temperature under an inert atmosphere to the Ames 
oxydesulfurization process. Moreover, the results were no better when 
an acidic solution was used for the second step than when a basic solution 
was used. Also, the results were not improved by using a fresh alkaline 
solution for the second step or by more intensive washing and prolonged 
soaking of the coal filter cake in a fresh alkaline solution between the 
two leaching steps. Furthermore, applying air in the second leaching step 
did not increase desulfurization. 
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5. For oxydesulfurizatlon of Childers coal in an alkaline solution, 
the rate of organic sulfur removal follows zero-order kinetics with 
respect to organic sulfur concentration. The activation energy was found 
to be approximately 43.85 x 10^ J/kmole in the temperature range of 120 
to 200°C. Moreover, it was found that the rate of organic sulfur removal 
is one-half order with respect to oxygen partial pressure. Generally, 
organic sulfur removal was improved by increases in reaction temperature, 
residence time, and oxygen partial pressure but at the expense of a lower 
recovery of organic matter. 
6. Various physical cleaning methods including gravity separation, 
oil agglomeration, and the Dow process were combined with the Ames 
oxydesulfurization process and demonstrated. Substantial amounts of 
sulfur and ash-forming mineral matter were removed from several kinds of 
coal by the combined treatment. 
The dissolution of mineral matter 
Another objective of this project was to develop a basic understanding 
of methods which could be used to produce super clean coal. In order to 
better understand the behavior of mineral matter during alkaline leaching, 
individual minerals were first reacted with hot alkaline solutions to 
investigate the effects of different process conditions on the products 
of reaction and on the rate of reaction. Principal reaction products 
were identified and characterized by X-ray diffraction analysis and other 
techniques. The solubility of the reaction products in dilute mineral 
acids was then investigated. In addition, numerous coal leaching experi­
ments were conducted with small laboratory reactors to demonstrate the 
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basic preoxidation, alkaline leaching, and acid washing steps of a 
process for producing super clean coal. The following conclusions were 
reached : 
1. Most of the ash-forming mineral matter and some of the sulfur 
are removed from coal when fine-size coal is leached with a hot, sodium 
carbonate solution (e.g., 1.0 MNagCO^, 250°C, 1 hr.) under non-oxidizing 
conditions followed by washing with a dilute mineral acid and water. 
Although the results seem to be affected by the source of the coal and 
the washing temperature, the overall recovery of coal for this process is 
always high. Usually, a cleaner product is obtained by washing alkali-
leached coal with hot hydrochloric acid than by washing with hot sulfuric 
acid. However, when washing with hot sulfuric acid is followed by 
extended washing with hot water, the results approach those achieved by 
washing with hydrochloric acid. Somewhat poorer results are realized 
when cold sulfuric acid is used. Also, extended washing with hot water 
has little effect when cold acid is employed, 
2. The phase transformations and removal of mineral matter in coal 
during the alkali leaching and acid washing treatments were monitored and 
characterized thoroughly by X-ray diffraction analysis. The results were 
consistent with those obtained by leaching individual minerals. Generally, 
the mineral matter remaining in coal after the leaching and washing was 
predominantly unreacted illite, pyrite and possibly some amorphous silica. 
Coal with a very high pyritic sulfur content or ash content will not be 
cleaned as well by alkali leaching and acid washing as coal with a low 
pyritic sulfur and ash content. 
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3. Although iron pyrites are incompletely reacted by a hot sodium 
carbonate solution under non-oxidizing conditions, the difficulty can be 
overcome by leaching coal first under oxydesulfurization conditions to 
convert the pyritic sulfur to water soluble species and then under non-
oxidizing conditions to convert other mineral matter to acid-soluble 
compounds. The combined approach resulted in significantly greater 
sulfur removal than alkali leaching and acid washing alone. The multi-
step process was shown to produce super clean coal with both a low ash 
content and a low sulfur content. In addition, the super clean coal 
process was combined advantageously with physical cleaning to produce 
coal with less than 1% ash and markedly reduced sulfur content even from 
coal having a very high ash content. 
4. When individual coal minerals were treated with various alkaline 
solutions (NaOH, NaHCO^, and NagCO^) at temperature between 150 to 350°C 
under an inert atmosphere followed by acid washing, the following 
phenomena were observed: 
(a) Sodium hydroxide is the most effective alkali for extracting 
quartz to form soluble sodium silicates whereas sodium bicarbonate is the 
least effective alkali for dissolving silica. 
(b) The incomplete dissolution of quartz by a hot sodium carbonate 
solution is mainly due to the room temperature solubility limit of silica 
in the solution. It appeared that the quartz may have dissolved in the 
hot sodium carbonate solution and then reprecipitated as an amorphous 
material when the solution was cooled. Generally, increasing the leaching 
temperature or the mole ratio of alkali to quartz or the ratio of quantity 
of alkaline solution to quantity of quartz favors the dissolution of quartz 
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by a sodium carbonate solution. The dissolution rate of quartz is 
approximately half order with respect to the concentration of sodium 
carbonate. In order to achieve the complete dissolution of quartz in 
a hot sodium carbonate solution (250°C) within 1 hr., the initial mole 
ratio of sodium carbonate to quartz should be larger than 10. 
(c) Several new compounds including analcime and other sodium 
hydroaluminosilicates (SHAS) with crystalline structures similar to 
those of either sodalite or cancrinite were formed when clay minerals 
were treated under various alkaline leaching conditions. The product 
distribution was affected by the type of alkali employed and its concen­
tration and treatment temperature. A higher alkali concentration and 
leaching temperature and longer residence time favored the formation of 
cancrinite-type SHAS compounds. During the leaching treatment, clay 
minerals were first decomposed, releasing large quantities of silicon and 
aluminum oxides into the alkaline solution. The silicon and aluminum 
oxides then precipitated as stable insoluble compounds, 
(d) The sodium hydroaluminosilicates were readily attacked by hot 
mineral acids which completely broke down the silicate structure and 
dissolved the metal cations and silica. However, silica gel may have been 
formed due to the ready polymerization of silica in aqueous solution. 
(e) Tamarugite or sodium aluminum sulfate hydrate was formed when 
alkali-leached kaolinite was washed with sulfuric acid. Because tamarugite 
is soluble in hot water, it can be removed from the residue by careful 
washing. 
(f) If the initial mole ratio of sodium carbonate to kaolinite is 
larger than 1, kaolinite can be converted by a hot sodium carbonate 
287 
solution (250"c) to form acid-soluble compounds within 1 hr. However, 
illite and montmorillonite will be incompletely converted when treated 
under similar conditions. 
(g) The carbonate minerals are inert under the high-temperature 
alkaline leaching conditions. However, these minerals react readily with 
boiling acids to form carbon dioxide, water, and other metal salts which 
are soluble. Sulfate minerals are dissolved completely by the leaching 
and washing treatments, but titanium dioxide remains untouched by the 
treatments. 
(h) Most of the coal minerals except iron pyrite are unaffected by 
the Ames oxydesulfurization treatment. In the case of iron pyrite, it 
is converted to fine-grained hematite which forms a concentric rim 
surrounding a core of unreacted material. 
(i) When coal-derived pyrite was leached with a 1.0 M sodium carbon­
ate solution at 250°C under non-oxidizing conditions, only part of the 
pyrite reacted. The solid product on the surface of the reacted pyrite 
particles was identified as hematite. The shrinking unreacted core model 
seemed to adequately represent the kinetics of the pyrite reaction under 
these leaching conditions. The overall rate of sulfur extraction from 
pyrite particles appeared to be controlled by the chemical reaction rather 
than mass transfer. 
(j) Generally, the reaction of pyrite with a caustic solution takes 
place more rapidly than the reaction with a sodium carbonate solution 
under the same non-oxidizing treatment conditions. The solid product of 
pyrite leached by a hot sodium hydroxide solution (2.0 M, 250°C) is pre­
dominantly hematite with a lamella-type crystalline structure. 
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(k) Pyrite in coal is converted not only to hematite but also to 
magnetite and some pyrrhotite when coal is leached with a sodium 
carbonate solution at high temperature (above 330°C) under an inert 
atmosphere. This reaction mechanism is not fully understood. Based on 
a microscopic examination, leaching appeared to proceed at many locations 
within each pyrite particle resulting in a product with a sponge-like 
appearance. 
Magnetic cleaning of chemically treated coals 
Another objective of this project was to investigate the magnetic 
separation of partially converted pyrite from chemically leached coal 
since magnetic separation is a very economical method for removing 
highly magnetic forms of iron oxide. Different types of magnetic 
separators were used to clean either oxygen-pretreated coal or high-
temperature alkali-leached coal. The effect of various leaching condi­
tions on the proportions of sulfur removed chemically and magne.ically 
was investigated. The conclusions are as follows: 
1. The magnetic susceptibility of coal-derived pyrite or coal with 
a high proportion of iron pyrites treated by the Ames oxydesulfurization 
process was increased about four times over that of untreated materials. 
Magnetic separation removed significant amounts of both ash-forming 
mineral matter and pyritic sulfur from oxygen-pretreated coal, but the 
recovery of organic matter was reduced slightly. Interestingly, high-
intensity magnetic separation showed a greater potential for removing ash-
forming mineral matter and sulfur from coal which was pretreated under mild 
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oxidation conditions (80°C, 1 atm. air) than under Ames oxydesulfurization 
conditions (150°Cj 13.6 atm. Og). 
2. When magnetic separation was interposed between alkali leaching 
under non-oxidizing conditions and acid washing of coal, the product had 
a lower sulfur and ash content than when magnetic separation was omitted, 
but on the other hand, less coal was recovered. Generally, higher 
leaching temperature and longer leaching time favored the removal of more 
ash-forming minerals and sulfur-bearing species from coal by the magnetic 
separation step but coal loss also increased. Overall coal recovery was 
usually higher when finer coal (-38 ym.) was treated than when coarser 
coal (-74 pm.) was treated by low-intensity magnetic separation, 
3. For the same alkaline leaching and acid washing conditions, a 
cleaner product was prepared with a high-intensity magnetic separator 
than with a low-intensity magnetic separator but coal recovery suffered. 
In summary, the most important factors affecting the efficiency of 
magnetic cleaning of chemically treated coal are the chemical pretreat-
ment conditions, coal particle size, and type of magnetic separator 
employed. 
Recommendations 
Although several chemical cleaning processes which remove a sub­
stantial portion of the sulfur and ash-forming mineral matter from 
various kinds of coal have been demonstrated successfully, a number of 
areas need further investigation. 
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Ames oxydesulfurlzation process 
1. In order to properly evaluate the effectiveness of various 
chemical desulfurization treatments, a rapid, reliable, and reproducible 
method for determining the organic sulfur content of chemically processed 
coal should be developed. 
2. The thermokinetic method developed by Attar and Dupuis (5, 6, 
10) should be applied for analyzing and comparing the distribution of 
various organic sulfur species in both raw and chemically treated coals. 
3. Coal with a naturally high organic sulfur content (4 wt. % or 
above) should be utilized to investigate optimum conditions for extracting 
various organic sulfur functional groups with the Ames oxydesulfurization 
process. In addition, the chemistry and kinetics of reactions which 
remove various organic sulfur functional groups from coal by oxidation 
and leaching in alkaline solutions should be investigated in more detail. 
4. The Ames oxydesulfurization process should be further modified 
to increase the removal of organic sulfur from various kinds of coal 
under very mild conditions. The results of model compound studies should 
be very helpful for improving the Ames oxydesulfurization process. 
Alkaline leaching/acid washing (AAL) process 
1. The basic alkaline leaching and acid washing steps in combination 
with selected physical cleaning methods should be tested further to 
establish optimum treatment conditions and to obtain process design data. 
Promising methods for regenerating the spent leachant and for recovering 
or disposing of by-products need to be tested. Potential by-products 
include sulfur, alumina, and iron oxide. 
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2. The back reaction which adds sulfur to alkali-leached coal when 
it is treated with sulfuric acid needs to be further investigated. In 
order to determine whether the organic portion or the inorganic portion 
of coal reacts with the sulfuric acid, tests should be conducted with 
coal having a very low ash content (e.g., 1% or less). If such a coal 
gains appreciable amounts of sulfur when treated with sulfuric acid, 
reaction with the organic portion would be indicated, 
3. The detailed chemistry, kinetics, and mechanism of the reaction 
between pyrite in coal and a hot sodium carbonate solution (330°C or 
above) to form hematite, magnetite, and pyrrhotite under an inert 
atmosphere should be further investigated. In order to determine the 
phase distribution of the reaction products, the microstructure of the 
reacted pyrite should be examined further, 
4. In order to fully characterize the mineral matter, including 
minor and trace elements, in raw and chemically processed coal, various 
instrumental techniques such as automated image analysis in conjunction 
with scanning electron microscopy and energy dispersive X-ray 
spectroscopy need to be applied in addition to X-ray diffraction analysis. 
By employing these techniques, the mineral phases in coal can be 
characterized ^  situ with regard to chemical composition, percent 
distribution between phases, and particle size analysis. The removal or 
alteration of mineral phases and changes in minor and trace elements can 
provide a basis for improving the effectiveness of the chemical coal 
cleaning process. 
5. Low-temperature ashing in combination with an analytical method 
for determining amorphous silica should be used to confirm the presence 
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of this material in chemically treated coal which has a very high ash 
content. In order to improve the removal of illite from coal by the 
AAL process, more severe alkaline leaching conditions should be 
investigated, 
Ames super clean coal process 
1. The experimental results illustrate the potential of the Ames 
super clean coal process for producing coal with very low ash and sulfur 
contents. Further research is needed to work out process details and 
to find optimum treatment conditions for extracting sulfur and ash-
forming minerals from coal with maximum recovery of organic matter. The 
results of such research should also provide a basis for a more detailed 
technical evaluation of the process and the design of a process develop­
ment unit or pilot plant. In addition, various combinations of the Ames 
super clean coal process and physical cleaning methods need to be 
optimized to reduce the overall cost of deashlng and desulfurizing coal. 
2. Both physical and chemical changes in coal resulting from the 
chemical leaching treatments should be studied further, Physical changes 
of interest include the exterior coal surface, surface area, pore volume 
and size distribution, and plastic properties of the coal whereas chemical 
changes of Interest include the carbon, hydrogen, nitrogen, oxygen, and 
chlorine content of the coal. 
Magnetic cleaning of chemically pretreated coal 
1. To improve the removal of Incompletely reacted pyrite from oxygen-
pretreated coal by magnetic means, treatment conditions for converting 
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pyrite to magnetic iron oxides such as maghemite or magnetite instead of 
hematite need to be developed in the case of the Ames oxydesulfurization 
process. 
2. To improve the magnetic separation of partially reacted pyrite 
from alkali-leached coal, the effect of various leaching conditions on 
the magnetic susceptibility of the iron oxide residue needs further study. 
3. To improve the efficiency of magnetic separation and to increase 
the recovery of organic matter, further consideration should be given to 
factors such as particle size which affect the separation efficiency. 
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